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The oldest members of the cohform group of bactena, as the 
reviewer conceives it, are Klebstella pneumoniae, or Fnedlander s 
bacillus, described m 1882, and K rhinoscleromatis, which 
V Fritsch recorded the same year Next come Escherichia call 
and Aerobacter aerogenes, both of which were ushered mto the 
bacteriological world m 1885 by Eschench Somewhat younger 
IS A cloacae, described m 1890 by Jordan Proteus morgani, 
the problem child of the group, dates from 1908 and the juveniles 
are E freundn, recorded m Braak’s Delft thesis of 1928, and 
K paralytica, the etiological agent of “moose disease,” descnbed 
in 1932 by Cahn, Wallace, and Thomas 

These are the prmcipal members of the cohform group as listed 
m the fifth edition of Bergey’s Manual of Determmative Bac- 
tenology (12), a great simplification of the genera Escherichia, 
Aerobacter and Klebsiella given m the fourth edition (1934) 

1 
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which contained 35 species In the latest edition these three 
genera comprise but ten species ^ 

With this simplification we are m heartiest accord, but the 
problem has several aspects Among them, the principle of 
simplification, or ‘dumpmg,” as Skinner and Brudnoy (149) 
term it, must be defended The mclusion of the genus Klebsiella} 
with the cohform bacteria has to be explained To claun the 
Morgan bacillus as a cohform organism will require justification 
The broademng of the concept of Eschenchta colt to mclude such 
forms as E coh-mutabile and the paracolon bacilh which ferment 
lactose slowly or not at all is a new development and there are 
many who will want to know how the "coh-aerogenes mter- 
mediates” (180, 165, 25, 123) are classified and why 

THE TERM “cOLIFORM” 

The term “cohform” has long been m use by Bntish bacte- 
riologists (4, 23, 59, 92, 100, 132, 133, 160) In America, Breed 
and Norton (16) suggested the term to describe the lactose- 
fermentmg bacteria used as a measure of the pollution of water 
In 1937 H E Jordan advised that as Editor of the Journal of the 
American Water Works Association his pohcy would be to sub- 
stitute “cohform” bactena for “B coh” or "colon group” in 
papers subimtted to him (70) As Jordan also stated, the term 
‘'coh-aerogenes” contmues as ofiBcial m water analysis since 
the eighth edition of Standard Methods of Water Analysis 
(157) uses it And “Eschenchia-Aerobacter” is also official since 
that IS the termmology employed m the sixth edition of Standard 
Methods of Mdk Analysis (156) 

SEPARATION OF FRIEDLANnER GROUP FROM OTHER COLIFORM 

BACTERIA 

As noted above, the first members of the cohform group to be 
described were Klebsiella jmeumomae, from acute fibrinous 

1 The other three species are Klebsiella ozaenae, described bj Abel in 1893, 

K granulomalts of Aragas and Vianna (1912), and K capsulaia recorded in 1889 

‘’^.Thfse organisms have also often been caUed the "Bacrllas macosus cap- 
Bulatus group ” 
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pneumonia, and K rhinoscleromatts, from rhmoscleroma The 
typhoid bacillus had been described less than two years earher 
and the emphasis m early bacteriology on its medical aspects 
favored the finding of pathogens But even at this time the 
mclusion of the encapsulated forms found m the upper respiratory 
tract m a group with cohform bacteria from the mtestme and 
from milk was urged (31) From the first all studies of the gram- 
negative, aerobic, encapsulated bacilh, of which the Fnedlander 
bacillus IS the type known to pathologists, have also mcluded 
Aerobacter aerogenes^ and all studies of cohform bacteria have 
likewise mcluded A aerogenes 

The close relationship of Klebsiella and Aerobacter has been 
asserted or demonstrated down to the present time (72, 74, 75, 
76, 77, 41, 59, 170, 93) Perkins mamtamed that the prototype 
of the encapsulated group was A aerogenes and that the other 
members were variants which had lost the power, m whole or m 
part through modification m environment (125), to ferment cer- 
tam sugars Edwards stated that A aerogenes is so closely re- 
lated to the other encapsulated forms that they should be classi- 
fied m the same genus (41) 

Notwithstandmg, the Fnedlander group and the rest of the 
cohform bactena have been kept apart m the minds of most 
bacteriologists This unfortunate pomt of view has separated 
two groups which must be considered together and it has min- 
imized our understandmg of the potentiahties for pathogemcity 
possessed by Escherichia and Aerobacter As we shall see, these 
forms, particularly Escherichia, are important m pathology, 
especially m infections of the unnary tract, in all age groups, and 
of the gastro-mtestmal tract m the very young 

As a result we shall have to trace the steps in the history of the 
classification of cohform bacteria bearmg m mmd that Klebsiella 
IS probably not under consideration and that the emphasis is 
mainly on the samtary aspects of the organisms m question 
Later we shall bring the Fnedlander group back mto the dis- 

* In our own discussion in this review the terminolog> of the Bergey Manual 
will be emploj ed but we believe that the use of one genus for all colifonn bactena 
IB biologically more sound than the use of three 



4 


LELAND W PAER 


cussion for it has a definite place m the concept of the cohform 
group 

DEVELOPMENT OF THE CLASSIFICATION AND CHARACTERIZATION 
OF COLIFORM BACTERIA 

Eschench (42, 43) characterized Bacterium coh-commune as a 
bacillus of feeble motihty which coagulated luiiy but did not 
hquefy gelatin, which fermented milk-sugar and grape-sugar 
with the disengagement of gas, which produced a moist growth 
on potato of a color varymg from corn yellow to pea yellow, and 
which produced m animals a rapidly fatal disease characterized 
by diarrhea, somnolence and coma Aerobacter aerogenes was 
first descnbed as Bacterium lactis-aerogcTies by Eschench who 
noted that it was shorter and plumper than B coh, coagulated 
milk more actively and was non-motiie He stated that it 
fermented milk-sugar, cane-sugar and grape-sugar, both aerobi- 
cally and anaerobically, and he pomted out the prominence of 
lactic acid among the products of fermentation 
A decade later Theobald Smith (150) suggested a biological 
division of E coh when he redefined B coh-commums* statmg it 
could be divided mto alpha and beta varieties based on sucrose 
fermentation Smith is usually credited with pioneer work m 
determimng the gas ratios produced m the fermentations The 
results were corrected by later workers usmg more dehcate 
methods, but it is curious that this promismg field has not been 
exploited more thoroughly Durham (39) named the sucrose- 
fermentmg variety of the colon bacillus Bacillus coh-commumor 
Among the other species of cohform bactena early descnbed and 
frequently encountered m the hterature may be mentioned the 
“Milchsaurebactenum” of Hueppe (1884) descnbed in 1885 by 
Zopf as Bacterium acidi-ladici, and Flugge’s B neapohtanum 
(1885) These two species and B commumor appear m Bergey 
(12) as vaneties of Escherichia coh 
MacConkey (96, 97) first placed classification of cohform or- 
ganisms on a comprehensive, biochemical basis He established 

‘ In the levievr of a reference its terminology is used even if outdated or in- 
correct as some are 
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four primary groups of the lactose fermenters based on the fer- 
mentation of sucrose and dulcitol These groups were further 
subdivided on the basis of tests for motihty, mdole production, 
gelatm hquefaction, the Voges-Proskauer reaction and the dis- 
similation of adomtol, mositol and muhn MacConkey’s scheme 
called for 128 tjqies of which he actually isolated 36 By 1928 
other workers had described 35 additional types, makmg a total 
of 71 to be recogmzed by that date (133) Chmaxmg taxonormc 
work of the MacConkey type, Mackie (100) studied the cohform 
bactena of feces and uime, forming four prmcipal groups on the 
basis of gas production, mdole production and mositol fermenta- 
tion Subdivisions of these groups allowed for many types of 
which 73 were found This contribution is of value today be- 
cause of its emphasis on the use of mositol and as a further il- 
lustration of the difficulties encountered by taxonomists whose 
schemes of classification proceed on the 2-4-8-16-32 or 
“2“ prmciple ” 

As pomted out by Topley and Wilson (170), one important 
correlation between biochemical activity and natural habitat 
was early recognized The A aerogenes type was found to be a 
relatively infrequent inhabitant of the mtestme, but was fre- 
quently isolated from certam grasses and from the soil, while 
B coh-commumor and B coh-communis were noted to be typically 
mtestmal parasites (185) This correlation was of practical as 
well as of theoretical importance The presence or absence of 
"B coh” m water supphes, and the relative number of this or- 
ganism if present, soon came to be recogmzed as a very valuable 
mdication of the presence and degree of fecal pollution, and it 
became desirable to differentiate between those types which were 
of mtestmal ongm, and those which might occur m unpolluted 
Waters 

Thus, editions of Standard Methods of Water Analysis pub- 
hshed m the second decade of this century mcluded a classification 
in which “the foUowmg group reactions mdicate the source of 
the culture with a high degree of probabihty ” and there followed 
a classification of “fecal” B coh, “fecal” B aerogenes, B aerogenes 
probably not fecal, and B cloacae which might or might not be 
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fecal, based on tbe methyl-red and Voges-Proskauer reactions, 
the hquefaction of gelatm, the production of indole and the 
fermentation of sucrose and adomtol This material has not 
appeared m recent editions because no confirmation could be 
found for the early reports that A aerogenes of mtestmal origin 
fermented adomtol whereas A aerogenes from grams and soil 
did not Indeed, as we shall see, the prolonged search for tests 
which differentiate between fecal and non-fecal cohform bacteria 
has so far been m vam 

As early as 1912 prmciples of simplification of cohform classi- 
fication were beginnmg to appear Thus Howe (64) showed that 
there was no correlation between certam features, such as motil- 
ity, fermentation of dulcitol and manmtol, mdole production and 
mtrate reduction, and he recogmzed only two species, B com- 
munzs and B commumor Khgler (79) subdivided the lactose 
fermenters accordmg to their sucrose and sahcm reactions rather 
than by sucrose and dulcitol reactions, as proposed by Mac- 
Conkey, smce sucrose-sahcm sub-groups correlated more highly 
with the mdole, Voges-Proskauer and gelatm reactions than did 
the sucrose-dulcitol subgroups The chief emphasis m cohform 
taxonomy on simphfication through the apphcation of statistical 
methods of correlation of related characters has been expressed 
by Levme (89, 90) His classification also was one of the first 
to make use of the Voges-Proskauer test as the primary feature 
of division of the strams studied 

From qmte another pomt of view Clemesha (28) grouped coh- 
form bacteria accordmg to the resistance shown toward storage 
This work represents the most important early contribution to 
the ecology of the cohform bactena, possibly of any group, and 
treats m detail such problems as viabihty, competition and 
succession 

Although the first edition of Bergey’s Manual of Determmative 
Bacteriology (1923) aUocated 22 species to the genus Eschenchta, 
six to Aerobacter, and six to Encapsuhtus (Klebsiella) classifie 
mainly on the basis of reactions with fermentable substances, 
ground had been broken for a somewhat different and 
approach to taxonomy The Committee of the Society of Amer- 
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lean Bacteriologists on the Characterization and Classification 
of Bacterial Types, appointed at the 1915 annual meeting at 
Urbana, projected, among other tasks, a study of the colon- 
typhoid group of bacteria, “a group which, together with certam 
sharply defined species, mcludes many puzzhng mtermediate 
forms, difficult of classification and yet of fundamental medical 
and samtary importance” (186) Out of the interest of this 
committee, two sets of data emerged deahng with cohform 
bacteria 

These have been summarized by Yale^ as follows “Durmg the 
period 1914 to 1921, Rogers and associates published a senes of 
outstandmg papers on the characteristics and distribution of the 
cohform group An especially important contribution was the 
separation of the group mto a low ratio section m which the 
CO 2 H 2 ratio was approximately 1 1 and a high ratio group m 
which it was approximately 2 1 In a report summanzmg these 
studies m 1921, Rogers made this statement, ‘So far as data are 
available, the low ratio or B colt group appears to be a very 
defimte and circumscribed entity and there is no apparent reason 
for separatmg it mto species ’ In addition he recognized B 
aerogenes and B cloacae as separate species m the high ratio 
group ” 

“Wmsiow, Khgler and Rothberg (186) made extensive classi- 
fication studies and decided that m the low ratio group, only four 
species were justified {Bacterium coli, B commumor, B acidi- 
lacha and B neapohtanus) In the high ratio group, two species 
were accepted {Bacterium aerogenes and B cloacae) ” 

The methyl-red test (27) was a logical outcome of work m 
Rogers’ laboratory on the fimdamental nature of the fermentation 
of glucose by cohform bacteria These Washmgton workers 
found that the low gas-ratio E coli section produces under suit- 
able conditions a lower pH m glucose broth than do the high 
gas-ratio A aerogenes orgamsms As a result, the former give 
S’ red color to methyl red (-f) and the latter a yellow color (— ) 

‘ Round Table Discussion on the cohfonn group of bacteria, 39th annual 
meeting, Society of American Bacteriologists, Washington, D C , December 
28, 1938 
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m the glucose broth The formation of acetyl-methyl-carbmol, 
demonstrable by the Voges-Proskauer test, occurs when A 
aerogenes is grown in glucose broth but does not occur with E colt 
This mverse correlation (M R +V P - and M R -V P -f ) 
was emphasized by Levme (88) For some years it was held to 
be well-mgh perfect, but it is now known that cohform organisms 
occur which are positive to both tests and also those which are 
negative to both Thus Stuart and co-workers (161) found that 
almost ten per cent of their cohform cultures did not correlate 
Another important development has been the recogmtion of 
“intermediates,” organisms resembhng both E coh and A 
aerogenes but identical with neither In a study of the utihzation 
of simple mtrogenous compounds, Koser (82) observed that A 
aerogenes was able to multiply and grow luxunantly m a medium 
containmg unc acid as the only source of mtrogen In this 
medium E coh failed to develop Later work by Koser (83) 
developed another, and better, utihzation test, i e , growth m a 
medium m which the only available carbon source is the citrate 
radical ' In this medium A aerogenes develops very well, 
whereas E coh fails to grow noticeably (140) It was soon found 
that some methyl-red-positive organisms, presumably E coh, 
grew as well m the citrate medium as A aerogenes (85) For a 
time such organisms were spoken of as “soil coh” and there was 
again revived the hope that samtarians had a test which would 
set off fecal from non-fecal organisms Such organisms are now 
known as “mtermediates” and are found m feces as weU as m 
man’s environment 

Werkman and Gillen proposed the genus Citrohacter for coh- 
form bacteria producmg trimethylene glycol, and descnbed seven 
species (180) Since such bacteria utihze citrate and are methyl- 
red-positive, it was thought that "coh-aerogenes mtermediates” 
might be allocated to the genus Cilrdhackr, but the genus has not 


' Peach (1921) evidently somewhat anticipated the work of Koser on citrate 
utilization but apparently did not follow it up with further investigations, and 
he dealt more primarily with other members of the colon-typhoid group than 
cohform bactena 
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been recognized by the leading taxonomists Tittsler and Sand- 
holzer (165), and Carpenter and Fulton (25), favor classifying 
“intermediates” with Eschenchta and Aerolacter, Minkewitsch 
(106) calls them B coh-citrovorum Koser, and Parr (123) suggests 
that they be made a species m the genus Bacterium, which would 
mclude also B coli, B aerogenes and B cloacae The fifth edition 
of Bergey’s Manual designates them as Escherichia freundn 
In an analysis of data presented m recent papers (1924-1937) 
deahng with cohform bacteria, Parr (123) found that the reactions 
earher used for classification, such as the fermentation of sucrose, 
dulcitol, sahcm, and raflBnose, have largely been replaced by 
other tests If this analysis be brought down to date it will be 
found that m 22 of the most recent projects the followmg tests 
have been used to establish cohform classification 


Indole production 

Methyl-red reaction 

Voges-Proskauer reaction 

Citrate utibzation 

Unc acid utilization 

Cellobiose fermentation 

Gelatin liquefaction 

Eijkman test 

HjS production 

Sucrose fermentation 

Inositol fermentation 

Alpha-methyl-d-glucoside fermentation 


iima 

15 

20 

22 

20 

6 

4 

3 

2 

2 

1 

1 

1 


There is, therefore, justification for the creation of the Imvic 
quartet of tests (119) Imvic is a mnemomc which fixes m or er 
the four tests now m greatest use m classifymg cohform bacteria 
(I) indole production, (M) methyl-red reaction, (V) Voges 
^xoskauer test, and (C) the utihzation of citrate as a sole carbon 
source Pour characters give 16 possible combmations oe 
of these ( 4 --^__ _i__ _i._ — — ) Parr called the 

^ coU section, three ( + + ' f 

A aerojcTies section, and ten (-{- -{--t , + + ^ 

+ - + , + __+,_ + + -, + + + +■ 
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+ ,,++>“ + + +) constitute the “intermediate” section, 
and he stated that 14 of the 16 types have been reported 
Recently, Stuart and co-workers (161) used the Imvic group 
of tests plus the fermentation of ceUobiose m the study of a large 
series of cohform bacteria CeUobiose may be fermented with 
acid production or with the production of both acid and gas, or 
it may not be fermented at aU Hence, recordmg three possi- 
bihties for ceUobiose brmgs the possibihties of the Stuart scheme 
to 48 types of which the Brown Umversity group found 21 
among the 3247 cultures studied These could be assigned to 
rune of the 16 Imvic types Of the 48 Stuart types Parr has 
found 16, Skinner and Brudnoy (149) 14, and Oeser (115) 13 
Malcolm (103) classified 1636 cohform strains isolated from 
milk and bovme feces mto eight groups on the basis of the Voges- 
Proskauer test, citrate utihzation, mositol fermentation and mdole 
production He caUed one group B cok, three groups "inter- 
mediates,” one B fnedlanden, one B cloacae, one B oxytocus, 
and one B aerogenes, and he insisted that aU should belong to one 
genus In addition he encoimtered 39 anomalous strains which 
did not fit mto his scheme of classification This work lUustrates 
agam the diJEculty of classification m this field The group is so 
complex and intergradmg that each form recovered cannot be 
assigned an exact name without makmg the number of such 
names weU-mgh legion It is refreshmg, therefore, to find that 
Yale in the fifth edition of Bergey’s Manual has kept the number 
of species small, hsting some forms as varieties and disregarding 
scores of names that have confused w'orkers down to the present 
day 

That the field of biochemical classification has been by no means 
exhausted is shown by MitcheU and Levme (109), who studied 
cohform bacteria to determme if mtrogen utihzation was as 
distmctive for differentiation as carbohydrate dissimilation is 
thought to be Nucleic acid and its degradation products were 
employed as mtrogen sources m synthetic media with glucose 
as the carbohydrate source and mdicator Over 350 strains were 
tested with yeast nucleic acid, unc acid, allantom, hydantom, 
uracil, urea, adenme and xanthme Organisms givmg positive 



COLIFORM BACTERIA 


11 


reactions with yeast nucleic acid, uric acid, allantom and hydan- 
toin correlated with the positive Voges-Proskauer test and formed 
the section Aerobacter Escherichia and the "mtermediates” 
were negative to these tests' but among them Escherichia utilized 
uracil and failed to utihze urea, whereas the “mtermediates” 
metabohzed urea but could not break down uracil Smce both 
Escherichia and Aerogenes can utihze uracil and the “mter- 
mediates” cannot, Mitchell and Levme feel that they have addi- 
tional evidence that the “mtermediates” should constitute a 
separate genus Other evidence is that many “mtermediates” 
produce hydrogen sulphide and those tested yield tnmethylene 
glycol m a smtable medium 

Returnmg to the Fnedlander group it is to be noted that these 
encapsulated cohform bacteria have not been satisfactorily 
classified on kny such basis as has been used for the other members 
of the group Perkins (125) stated that organisms of this group 
which show no fermentative power are probably degenerate 
rather than defimte entities and can m many cases be reactivated 
to their origmal type Fitzgerald (46) studied 44 cultures of 
Bacillus mucosus-capsulatus and found satisfactory biochemical 
classification difficult He beheved that mutations, based on the 
necessity of mamtainmg a parasitic existence, have caused gram- 
negative baciUi, found normally m the body elsewhere than m 
the intestmal tract, to develop capsules for protection, and a new 
group has arisen designated as B capsulatus-mucosus, con- 
nected by the varieties B aerogenes and B acidi-lactici with the 
non-encapsulated gram-negative bacilh belongmg to the colon 
group 

Winslow, Khgler and Rothberg (186) m commentmg on the 
encapsulated pathogemc forms, said “It seems e\adent, either 
that we are deahng with an extraordmarily vanable group, or 
that forms which are not really related have been identified as of 
this type merely because of possession of capsule ” It should 
be recalled that Escherichia coli not infrequently occurs heavily 

encapsulated (151, 118) 

Parr (123) maintains that some “intermediates” are Voges-Proskauer 

positue 
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TBffi TRIBE ESCHERICHEAE AND REIA-TED FORMS ACCORDING TO 

BERQET 

In the fifth edition of Bergey’s Manual of Determinative 
Bacteriology (12)® Family X Enterobactenaceae Rahn is divided 
into five tnbes, viz , 

Tnbe I Eschertcheae 3 genera, 10 species 
Tribe II Erwineae 1 genus, 13 species 
Tribe III Serrateae 1 genus, 6 species 
Tribe IV Proteae 1 genus, 8 species 
Tnbe V Salmonelleae 3 genera, 65 species 
The three genera of the tribe Salmonelleae are Salmonella with 37 
species and 12 additional vaneties, Ebertkella with 14 species, and 
Shigella with 14 species With the exception of Proteus morgani, the 
cohform group is found m and includes all of the tnbe Eschencheae 
which we shall next consider 

Eschencheae trib nov — ^ferment dextrose and lactose with the 
formation of acid and visible gas In only one genus, Aerohader, is 
gelatm hquefied and that but slowly 

"Genus I Eschenchia — ^Methyl red test positive Voges-Proskauer 
test negative Citric acid may or may not be used as sole source of 
carbon 

I Citnc acid not utihzed as sole source of carbon 
A Hydrogen sulphide not produced 

1 Eschenchia coli 

II Citric acid utihzed as sole source of carbon 
A Hydrogen sulphide produced 

2 Eschenchia freundn 

Genus II Aerdbacter — Methyl red test negative Voges-Proskauer 
test positive Citnc acid used as sole source of carbon 
I Glycerol fermented with acid and gas 
A Gelatm not liquefied 

1 Aerdbacter aerogenes 

II Glycerol not fermented with acid and gas 
A Gelatm hquefied 

2 Aerdbacter cloacae 

Genus III Klebsiella —Methyl red test usually positive Vog^- 
Proskauer test usually negative Citnc acid usually (’) used as so e 

•For both galley and page proofs of the new Bergey Manual deahng with 
the family EnleTobaclenaceae I am indebted to Dr Robert S Breed 
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source of catbon Capsulated forms from respu-atory and other mucous 
membrane regions 

I Litmus milk acid, but not coagulated 

A No acid and gas from maltose or manmtol 

1 Klebsiella 'pneumoniae 

B Acid and gas from maltose and manmtol 

2 Klebsiella ozaenae 

II Litmus milk acid and coagulated 

3 Klebsiella granulomaiis 

4 Klebsiella capsulata 

5 Klebsiella paralytica 
III Litmus milk unchanged 

6 Klebsiella rhinoscleromatis 

OCCtrERENCE AND SIGNIFICANCE OF COLIFORM BACTERIA, 
INCLUDING PATHOLOGY 

In the discussion which follows an effort will be made to present 
and preserve the ecological pomt of view which should help to 
explam why encapsulated cohform bacteria occur m one en- 
vironment and non-encapsulated m another A shift of en- 
vironment may provide opportumty for the development m 
large numbers of species which survive m small numbers and with 
difficulty m another miheu Or, if we are deahng with pure 
cultures, changes m environment may favor the survival of the 
descendants of one variant or mutant over those of another 
Natural selection has probably not caused orgamc evolution but 
it IS one of the most important factors m its direction What 
happens to an association of bacteria or to a pure culture of a 
smgle organism with capacity for variation or mutation will m 
large part depend on the environment 

The entire family Enterobacterxaceae Hahn, with the exception 
of the plant parasites, and the red pigment-producmg chromogens, 
are thought of as mtestmal bacteria, havmg, however, m the case 
of the more saprophytic species a considerable distribution out- 
side the body of man and animal m natum 

Animal pathology Very httle attention was paid to the coh- 
form group m vetennary medicme until comparatively recently 

’ From page proof, fifth edition, (12), Manual of Determinative Bacteriology 
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Citations include Proteus morgam infections of zoo 
gaseous emphysema, abortion m sheep, a disease of white rats 
associated with parasitic infestation, “moose disease,” diarrhea 
in foals and m young pigeons, calf "scours,” infectious enteritis 
of young lambs, a fatal disease of carp, metritis of mares, pneu 
monia in beavers, mastitis in cows, infectious diarrhea of chicks 
and abortion in ewes 

TenBroeck recently stated (1938) that it is extremely difficult 
to evaluate the importance of the colon group in animal pathology 
but that they take the place of the streptococci m man, i e , they 
are often secondary invaders that comphcate infection Plast- 
ridge (1938) mvolved cohform orgamsms as responsible for navel 
ill in chicks, navel ill m calves, and a limited number of acute 
cases of mastitis m cows, and Hitchner (1938) stated that slow 
lactose-fermenting cohform bacteria have caused several epi- 
dermcs of intestinal disease among chicks m Marne 
It will be noted that cohform bacteria produce “scours” in 
calves, diarrhea m foals and pigeons, mfectious enteritis in young 
lambs, and mfectious diarrhea m chicks This pathogemcity for 
the young of ammals is significant Calf "scours” has been the 
subject of a classical investigation by the Rockefeller group at 
Princeton The cohform bacteria concerned are usually m the 
mucoid phase (151, 95) but they may not be (Dollahite, 1938) 
Certam points are significant The disease is produced by a 
soluble, diffusible substance of exotoxic nature (153, 131) This 
toxin IS a capillary toxin and is far less effective in the usual 
laboratory animal than in the calf Colostrum or maternal 
serum will protect the calf The disease is one of mtoxication 
and diarrhea with resultant dehydration “If we put all the 
facts together the inference seems admissible that scours is 
associated with special races of Bacillus coh and that such races 
are developed and mamtamed m large herds This will accoun 
for the different races of Bacillus coh which have been 
by other observers as the cause of scours Each large herd 
through the presence of calves below par at birth may t ^ 
develop and mamtam its own type of scours organism ' 
however, is not virulent enough to make any headway m mturauy 
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strong calves properly cared for as regards food and housing” 
(Smith and Orcutt, 151) Somewhat the same view is held by 
Lovell (131) who concluded that special races of Bad coh patho- 
gemc for young calves exist, but that more than one race may be 
present m a herd and sometimes more than one type may be 
isolated from an individual calf 

The importance of this disease may be inferred from the state- 
ment of Dollahite (1938), released by Schoenmg (1938), that 
dunng the first five months of 1938 m a large government-owned 
dairy 68 calves were born, of which 33 (49 per cent) died with 
acute dysentery before they were five days old Many of them 
died withm 48 hours after birth 

In this outbreak Escherichia communior, E acidi-lactici, and 
rarely E coh, were encountered with E communior oecurrmg m 
about 60 per cent of the cases From June 15 to November 15, 
1938, cow serum prepared with a pooled E commumor~E acidi- 
hichci antigen was given mtravenously twice on successive days 
to 35 new-born calves with the result that none of the calves died, 
whereas of 32 others born dunng the same penod and left un- 
treated, ten died of acute dysentery before they were seven days 
old 

The cohform strains most concerned m animal disease are 
E coh, often m the mucoid phase and often atypical as to lactose 
fermentation, and members of the genus Klebsiella 

Human pathology Proteus morgam has been reported as the 
etiological agent m summer diarrhea of infants, mfectious diarrhea 
of the new-born, diarrhea and dysentery m adults, infections of 
the urmary tract, menmgitis, chrome dischargmg wounds, ul- 
cerative cohtis, war wounds, fatal septicemia and a paratyphoid- 
like infection Rauss (130) placed Morgan’s bacillus with 
Proteus, the British System of Bactenology (1929) put it m the 
dysentery group, and Winslow, Khgler and Rothberg (186) 
considered it a paratyphoid (Salmonella) which was the classifi- 
cation given it m the third edition of Bergey (1930), an allocation 
approved by Levine, Ajwam and Wedm (91), Havens and 
Mayfield (57), and sanctioned by the French Dictionary (56) 
Th]0tta (164), d’Aunoy (3), Waaler (177), and Jordan, Crawford 
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and McBroom (69) think of it as a cokform t3Te because it is 
gas-producmg, actively motile, strongly positive for indole, ex- 
tremely heterogeneous serologically and distributed m a number 
of environments, includmg soil, water and normal stools (80) 
Since the fermentation of lactose is delayed or even absent, it 
seems logical to consider the Morgan baciHus as standing with 
the paracolon bacilh on the border of the coliform group next to 
the paratyphoid group, Salmonella 
Organisms of the genus Klebsiella are reported from diseases of 
the respiratory tract, rhmoscleroma, war wounds, suppuration, 
memngitis, gaseous emphysema, septicemia, fetid nasal catarrh, 
infections of the unnary tract, infectious diarrhea of the new- 
born, and bronchial asthma The Friedlander type of cohform 
organism is not promment m diarrhea, dysentery, cystitis, pyeh- 
tiB, cholecystitis and cholangitis, nor is it as relatively prevalent 
m post mortem mvasion of the body as many have supposed 
Mackennon, Turner and Khayat (98) reported a study on bron- 
chial asthma m which 28 strains of “mucoid encapsulated or- 
ganisms” were studied They confirmed the generally accepted 
view that such strains show very vanable cultural reactions and 
that when present m bronchial asthma there was an associated 
hypersensitivity of the patients towards the mtradermal test 
with vaccme prepared from the bacilh The presence of gas in 
the tissues discovered on autopsy is usually attributed to Clos- 
tridium welchii, but cohform bacteria can cause this condition 
Cohform organisms not specifically labelled as Klebsiella or 
the Morgan bacillus have been reported from such conditions as 
pyehtis, cystitis, cholecystitis, cholangitis, suppuration, septi- 
cemia, war wounds, Wmckel’s disease or hemorrhagic septicemia 
of the new-born, sepsis neonatorum, infectious diarrhea of the 
new-born, gastro-ententis, food poisonmg, pentomtis, diarrhea, 
memngitis, arthritis, mtestmal mtoxication, gaseous emphysema, 
and rare cases of infectious dermatitis 
The importance of cohform bacteria m cystitis and pye k is 
attested to by a very large hterature on the subject The tw 
points of chief concern to the bactenologist working “ 
are (1) the mechanism of the mvasion of the unnary tract y 
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bactena, and (2) the types of cobform bactena concerned For 
two decades Dudgeon and his co-workers represented the most 
active group m this field (35, 36, 37) Their early work em- 
phasized the property of hemolytic power as characterizmg most 
of the cohform types mvolved, particularly m the male, and some- 
what later they called attention to the slow lactose-fermentmg 
cohform bacteria m urme Although practically all of the atyp- 
ical cohform bactena were first isolated from feces, they were 
early found m urme Thus Mair (101) descnbed the paracolon 
bacillus from urme, W J Wilson (183) reported "anaerogenous” 
cohform bactena from that source, and Kennedy, C ummin gs and 
Morrow had m their series of slow lactose-fermenters four strains 
from urme (78) 

HiU, Seidman, Stadmchenko and EUis (62) made an exhaustive 
report on the cohform bacteria isolated from cases of gemto- 
urmary infection They classified 200 cultures mto Escherichia, 
50 per cent, Aerobacter, 39 5 per cent, Proteus, 2 5 per cent, and 
miscellaneous, 8 per cent Their data permit a breakdown of the 
179 cohform strains (89 5 per cent) mto Escherichia, 27 per cent, 
^‘coliform mtermediates,” 23 per cent, and Aerohacler, 39 5 
per cent More than half the strains were hemol 3 dic 

Burke-Gaffney (19) studied 1000 strains of cohform organisms 
isolated from 126 specimens of urme Classified by MacConkey 
groups 18 per cent were B acidi-lactici, 7 per cent, B coli-com- 
uiunis, 27 per cent, B coli-communior , and 48 per cent, A 
aerogenes On the basis of mdole production, methyl-red reaction 
and citrate utihzation, 33 per cent were E colt, 52 per cent 
A aerogenes, 10 per cent "mtermediates,” and 5 per cent “atyp- 
ical ” Sandholzer (142) reported on 530 cultures of cohform 
bactena isolated from 283 patients with urmary infection Of 
the 530 strams 83 per cent were Escherichia belongmg to 27 
species or types, and 13 per cent were Aerobacter belongmg to 
14 species or types The relative abundance of Aerobacter 
strains m urmary infections is stnkmg Hill et al (62) re'vnewed 
the hterature on the prevalence of Aerobacter m feces and found 
that among 14 reports totallmg nearly 7000 cultures there were 
five reportmg no Aerobacter , and m the other nme the percentage 



18 


LELAND W parr 


occurrence of this genus ranged from 0 06 to 16 0 per cent Their 
own data showed 39 5 per cent of Aerobacter m urological in- 
fections, and they stated that if the source of such infection is 
mtestmal jt is possible that the fecal orgamsms finding their way 
mto the urme respond to some selective action m the genito- 
urmary tract which operates to favor the genus Aerobacter over 
Escherichia since m the bowel Aerobacter is far outnumbered by 
Escherichia This point is well supported by the data of Burke- 
Gaffney and to a lesser degree by those of Sandholzer If the 
analysis be made on the basis of citrate utihzation the difference 
IS even more marked Ruchhoft, Kallas, Chinn and Coulter 
(140) summarized the findings of sue workers on 2534 cohform 
cultures from feces Only 9 2 per cent of these were citrate- 
positive In the Hill senes from urine there were 62 5 per cent 
of citrate utihzers Here is mdeed a mce example of the operation 
of ecological factors 

Food poisomng is not thou^t of as of cohform etiology but 
Buchanan and Megrail (17) m Ohio, and Gilbert, Coleman and 
Laviano (51) in New York have reported outbreaks apparently 
due to organisms of the genus Aerobacter If cohform organisms 
can produce a toxm, as seems amply demonstrated, it is a httle 
odd that more intoxications with this toxm have not occurred 
It may well be that the human adult is relatively resistant to it 
In recent years considerable mterest has been aroused by the 
occurrence of outbreaks of epidemic diarrhea and gastro-ententis, 
apparently water-borne, but in which no definite pathogen as 
etiological agent can be demonstrated (176, 181, 50, 188) This 
problem has assumed such proportions that a special symposium 
on gastro-ententis was held by the Amencan Water Worte 
Association in connection with its annual meetmg at Buffa o 
m 1937 (29) 

Infectious diarrhea of the new-born is a disease m which em- 
phasis should be placed on the cohform group as probable etiolog- 
ical agents This disease is highly fatal and infectious m na urn 
and when it mvades a hospital nursery it is sometimes ^roug 
under control only by closing the matermty service of e - 
stitution The nature of the disease mdicates a potent m o 
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tion which induces a diarrhea and results in extreme dehydration 
Its analogy to the chmcal course of Asiatic cholera has occurred 
to some of the students of the problem and comparative pathology 
calls to mind the caK scours situation Among recorded out- 
breaks Dick, Dick and Wilhams (33) reported Proteus morgam, 
Jampohs, HoweU, Calvm and Leventhal (68), a form oi Klebsiella, 
Dulaney and Michelson (38) found B coh-mutahile, McKinlay 
(99) recovered an organism thought at first to be a paratyphoid 
but which was probably a cohform organism of paracolon type, 
and Randall (1938) encountered cohform organisms m his study 
of two cases 

Theobald Smith’s philosophy concernmg E coh is pertment 
at this pomt He stated (152) that m the gradual evolution of 
pathogemc or mvasive types of bactena, the beginnings of para- 
sitism may have been made possible by a soluble diffusible toxm, 
but that m later stages this primary offensive, more or less acci- 
dental, mechamsm is either partly or wholly suppressed and some 
different mechamsm developed with which the bactena protect 
themselves against the body-foreign forces of the host The 
process may be regarded as shrftmg from the destructive, preda- 
tory to the parasitic, from the offensive to the defensive type 
Accordmg to this hypothesis, E coh represents the early preda- 
tory toxic stage with, however, a certam specialization towards 
protection from anti-foreign activities m the digestive tract 
It represents m many respects the cholera vibrio m its activities 

In a recent discussion on staphylococci (Levme, B S , 1938) 
it was stated that probably all of the Staphylococcus aureus 
type possess the capacity to produce exotoxm Only certam 
strains produce enough to mduce food poisoning in man when 
ingested m cream puffs or other food There is evidence that 
somewhat the same situation may hold among cohform bactena 

In all considerations of gastro-mtestinal disease of infectious 
nature one should not lose sight of the possibility that symptoms 
are bemg manifested m the bowel whereas the mcitmg cause is 
elsewhere m the body Felsen (45) stated that the mdirect 
hematogenous excretory mechanism of the mtestme is important 
m explauung many poorly imderstood, non-specific mtestmal 
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infections or so-called infectious diarrheas The pnmary cause 
often exists outside the intestine, and search for specific noxious 
agents in the bowel is then futile Focal intestinal symptoms 
often cease abruptly after the pnmary extra-enteric- focus of 
infection is eliminated, but they may persist for a longer period 
if necrosis and ulceration have been produced The possible 
r61e of upper respiratory infection on the bactenology of the 
mtestmal tract has recently been discussed by Lieb and Chap- 
man (94) In cases where the mtestmal manifestations are 
incited extraneously the bactena of the bowel may well respond 
to the new conditions with an altered flora which might serve 
as an “mdicator” (121) Sufficiently studied, such bactenal 
types nught be resolved mto instruments of diagnosis almost as 
surely as if they were of pnmary etiological significance We 
have then to study infectious diarrhea of the new-born either 
as a locally mcited disease produced m a susceptible host by 
toxm-producmg coliform bacteria, or to consider it as of other 
etiology, probably viral, with the avenue of infection by way of 
the respiratory tract 

Plant patholoffy In this connection it is desired merely to 
emphasize that the recogmzed cohforra bacteria and the 13 
species of Erwinia, listed m Bergey, are very closely related 
F D Chester (1938) stated that the genera Ermnta and Phyto- 
monos were established on a purely utihtanan basis and have 
no genetic standmg Stanley (158) was of the opmon that the 
soft rot bactena undoubtedly belong to the colon-typhoid-dysen- 
tery group of bacteria Stuart, GriflSn and Baker (161) studied 
200 “cohform” cultures obtamed from decayed portions of a 
number of frmts and vegetables Serological mvestigations, m 
progress, seem to show an antigemc relationship between the 


plant, atypical and typical cohform organisms 

Occurrence m the tnieshne Cohform organisms {Eschenchn 
and Aerolacier) were first isolated from the mtestmal trac o 
TTian They were shortly recogmzed, though not without con 
siderable research, as occurrmg m the mtestmal tract o a 
higher animals In exammations of mecomum, 
considered as sterile, it has been shown (22, 55, 155) that co 
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organisms may be present m a certam percentage of specimens 
Throughout life, man is rarely without demonstrable coliform 
bacteria m his gastro-mtestmal tract 
Much research has been expended m the effort to discover 
tests which will select fecal from non-fecal cohform bacteria 
(149, 18, 140, 6, 25, 122, 123, 103, 161) Certam facts emerge 
from this mass of data All types of cohform bacteria may occur 
m feces but Eschenchta coh (Imvic + -f — — ) is the most typ- 
ical, numerous and constant type, with Aerobacter aerogenes 

{— h +) next, and cohform mtermediates (— -h — + most 

common type) third A cloacae, paracoh, slow-fermenters, 
and Klebsiella may also be recovered There is not much pomt 
m makmg comparisons of data unless identical methods of 
isolation have been used In a certam number of cases E coh 
may be absent, and there are even fecal specimens which yield 
no cohform bacteria at aU (25, 123) Furthermore the cohform 
flora of an adult m good health and on a constant diet may show 
considerable change from day to day (122) When the usual 
fecal specimen is stored m sahne suspension m the ice box con- 
siderable change occurs m the cohform flora, E coh decreasmg, 
and “mtermediates” and A aerogenes and A cloacae mcreasmg 
With, after many months, a complete change m flora often endmg 
up with slow lactose-fennentmg vaneties of citrate utilizers 
In about 14 per cent, however, there is no such change, the ong- 
mal E coh persistmg for months m competition with the other 
fecal bacteria and stiU presentmg the characteristics of E coh 
from fresh feces These data are mterpreted by Parr (119) to 
mean that m the latter case the specimens were origmally pure 
cultures of E coh so far as cohform bacteria are concerned 
The significance of these findmgs for samtary science is that 
all of the cohform bacteria must be thought of as possibly fecal 
m origm Where pollution derives from several sources one 
may expect to find Eschenchta coh if the pollution be fresh, where 
pollution IS from a smgle source there is no certamty that E coh 
will be present, and the findmg of typical E coh may not mdicate 
fresh pollution, particularly if that pollution be derived from a 
smgle source Despite these qualifications, the presence of 
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Significant numbers of E coh m water remains our best test for 
fecal pollution 

Occurrence tn mtlk The recent hterature on cobform bacteria 
in milk IS even more volummous than that for these organisms 
m feces (81, 44, 102, 182, 6, 7, 187, 10, 115, 162) Stark» has 
stated that, due to what we may call the "hvmg conditions of 
cows,” most raw milk contams cohform bacteria These organ- 
isms in milk are assumed to come from barnyard manure, and 
smce cows do not have typhoid fever, the presence of cohform 
bacteria m raw milk is known not to be of the same pubhc health 
significance as is their presence in water They are uniformly 
regarded as undesirable bactena to have m milk and dairy prod- 
ucts because they produce gas and undesirable flavors and odors 
Their significance is largely proportional to the numbers present 
It IS important to remember that, unless some mhibitmg con- 
dition IS present, these bactena grow well m milk Although 
bacteria belongmg to this group are occasionally found able to 
resist the heat treatment of the pasteunzmg process, their pres- 
ence in pasteurized milk is usually mterpreted to mdicate re- 
contamination The seriousness of permittmg pasteurized milk 
to become recontammated with any kmd of bacteria is readily 
recogmzed The pasteunzmg processes apphed to cream for 
buttermakmg and ice cream mixes are generally accepted as 
adequate to destroy cohform bacteria Their presence m these 
products IS also beheved to mdicate recontammation of a pasteur- 
ized product The types of cohform bactena present in milk 
will vary with the flora of the feces, soil, or gram dust contami- 


natmg it 

Occurrence m soil Cohform organisms are common m soi 
Mmkewitsch, Rabmowitsch and Joffe (108) beheve that these 
bactena are not found m the soil where there is no anima e 
As pomted out by Thom (1938), it has been assumed that the 
presence of the colon group m soil is due to fecal containina ion, 
and for that reason cohform bacteria have not particularly en- 
gaged the attention of soil microbiologists In soil A aerogen 
is more abundant than E coh, and "mtermediates” and atypical 


Coliform Round Table, 1937 
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forms are present This picture ■will vary “with the character and 
use of the soil from the E coZi-sparse, 'virgm, protected soil to 
the E coh-rich. pasture grazed over by animals From some 
quarters there is e'vidence that some, at least, of the citrate 
utihzers and atypical forms m soil are derived from fecal E coh 
and typical mtestmal forms Minke'witsch, Rabmo'witsch and 
Joffe (108) report the change of E coh seeded m sod mto citrate- 
utihzmg “mtermediates ” This is far from the production of 
A aerogenes from E coh which, so far as we are aware, has never 
been reported, but it does mdicate a step m cohform evolution 
Parr (124), workmg -with one of Koser’s origmal sod strains, 
V5, m laboratory cultivation for more than a decade, has derived 
E coh (+ + — —) from the stram called origmally an “mter- 
mediate” Despite the fact that citrate utilizers 

predommate there is e'vidence that E coh can survive for a 
considerable tune m sod (121) 

Occurrence xn urine The stnkmg thmg m urme, as m sod, 
IS the shift m the cohform picture from what it is m fresh feces 
to a predommance of citrate-positive cohform bactena (62, 19, 
142) The same shift occurs, as we have sho'wn, when the usual 
fecal specimen is stored The mechanism of these shifts may be a 
matter of variation, but is more hkely succession, conditioned by 
ecological factors 

Occurrence in water The hterature of water bacteriology is 
much too complex to be re-viewed here, as it touches on mediums, 
tests, mterpretations and standards (139, 140, 18, 52, 169, 24, 
48, 8, 60, 128, 14) Personal commumcations (1938) from Kulp, 
Le'vine, Norton, Butterfield, Mickle, McCrady, Norcum and 
G F Edwards have called attention to many samtary problems 
connected -with the cohform bactena Kulp feels that an attempt 
should be made to differentiate between E coh and A aerogenes 
especially when dealmg -with private water supphes, whereas 
Butterfield states that it is his pohey to attach equal samtarj’' 
importance to the presence of each member of the cohform group 
since all are found in feces and smee they are about equaUj' 
susceptible to the forces of natural and artificial purification 
processes Norcum is concerned over the mcreasmg prevalence 
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of gastro-enteritis, apparently water-borne, but with questioned 
etiology Norton mentions the significance of the work of 
Heathman, Pierce and Kabler (60) from which it appears that 
E coh may be no more (or even less) resistant to chlorme than 
the typhoid bacillus, and he feels the chlorme resistance of coli- 
form bacteria should be restudied IVTcCrady is also anxious 
to have the significance of atjqpical cohform bacteria cleared up, 
and the New England workers are particularly concerned oier 
the necessity for generous mterpretations of standards to avoid 
condemnmg too many water sources epidemiologically satisfac- 
tory Cohform bacteria do not occur ordmanly m water except 
from contammation with soil washmgs and fecal matenal from 
man and animal When the pollution is from feces these bacteria 
survive for some time but generally with a shift from citrate- 
negative predominance to citrate-positive predormnance There 
are, however, both theoretical and actual conditions under wbicb 
E coll may persist with typical reactions for long periods of tune 
Usually, though, the numbers of cohform bacteria decrease and 
m the absence of recontammation the group is usually lost sight 
of after a few weeks 


'‘Pump infection," and paper and wood pulp It is well es- 
tablished that cohform bacteria grow well on leathers and other 
orgamc pump-parts, on swimmmg-pool ropes, and in pipe shine 
(24, 87, 1, IM) The growth of these bactena m water distnbu- 
tion systems, of course, affects the analysis of the water L S 
Stuart (1938) has reviewed the bacteriology of the tannmg process 
from which it is apparent that modern leather is not itself the 
source of these cohform growths The forms which are likely 
to occur naturally are “intermediates” and A aerogenes, but 
other organisms will grow on jute and leather {Serraha, Esther- 


ichfia, and even the typhoid bacillus) 

The part played m the paper and wood pulp mdustnes y 
cohform bacteria is but seldom mentioned Tonney and o e 
(168) have noted the persistence of E coh and A aerogerm on 
wood The quahty of water m contact with wood may be im- 
paired by a high cohform count under 
analogous to pump “infection” In 1931 Beckwith (ID 
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ported on the bacteriology of pulp shme and pointed out the 
importance of A aerogenes In 1938 he stated that it was his 
opmion that pulp shme has as one of its important causes the 
growth of capsular bacteria, nearly all of which are cohform He 
showed, with Morgan, that the mucoid type appears frequently 
if the mcubation temperature is low, and, of course, m the pres- 
ence of a certam amount of carbohydrate In “white water” 
the temperature is low, and it frequently contains appreciable 
amounts of carbohydrate which possibly are produced by mver- 
sion of the cellulose Sanborn (1938) mdicated the need for a 
detailed study of the cohform organisms found m pulp and paper 
mill systems and stated that he had seen pulp wood logs coated 
with gelatmous shme due to the development of organisms re- 
lated to the genus Aerobacter Chlormation and the high tem- 
perature of drymg ehmmate the bactena so there is but httle 
danger of the spread of bactena by paper contamers, but pulp 
contammg shme organisms works up mto defective finished 
products so that the problem is one of economic importance 
Ohves Alvarez (2) studied the blister-covered ohves com- 
monly called “floaters” and found that the condition was caused 
by atypical organisms “closely alhed to, but not identical with 
the colon group ” One stram, “H,” resisted 80°C for 45 min- 
utes Ten per cent salt solution was required to kiU it m 24 
hours Agam, Tracy (171) emphasized the spoilage of ohves 
by colon bacilh The reviewer has been given to understand that 
the cohform group constitute the most important ohve spoilage 
organisms and that recoveries are mostly “intermediates” and 
Aerobacter, but occasionally Escherichia 
Shellfish The presence or absence of fecal pollution m oysters 
and mussels is determmed by exammation for cohform bactena 
(13, 126) In 1938, Perry stated that the exammation of shell- 
fish and their growmg waters cannot be considered m the same 
category with dnnkmg water which can be filtered, chlormated 
or protected Perry holds that many cohform bactena, par- 
ticularly of the E cloacae type, are present m shucked market 
oysters or shell oysters when the temperature exceeds 60°F , 
that they are without significance as mdicatmg pollution, and 
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that E cok is the logical indicator of fecal pollution in shellfish 
and shellfish growing waters 

Foodstuffs, miscellcineous It would appear from the nature 
of the processing procedures mvolved that canned foods do not 
contam cohform bacteria, a surmise confirmed by Wilhams 
(1938) Crossley (30) found 88 per cent of 14,365 samples 
of meat and fish pastes sterile, with cohform bacteria having 
small significance among the positives In other types of foods 
their importance is greater as shown by the report of Griffiths 
and Fuller (53) on the detection and significance of E colt in 
commercial fish and fillets, and that of Hunter (65) who found 
cohform bacteria important m salmon spoilage One of the 
"beheve it or nots” of bacteriology is the record of Simonds 
(148) that m a World War depot m Belgium three barrels of 
soft soap exploded due to growth of bacteria of the genus KUh 
Stella m the soap The work of Burkey (20) on the fermentation 
of corn stalks and their constituents by bacteria of the genus 
Aerobacter has further extended our appreciation of the ubiquity 
of cohform bacteria Lastly, Minkewitsch (107) has pointed 
out the part that insects play m the spread of cohform bactena 
m the soil and on plants 


ATYPICAL COLIFOBM BACTEKIA 


The sigmficance of atypical cohform bacteria was early recog- 
mzed, for m 1899 a committee composed of Veranus A Moore, 
J G Adami, Elmer G Horton and J Monjares, was appointed 
by the section of bactenology and chemistry of the Amencan 
Pubhc Health Association to study variations of the colon bacillus 


m relation to pubhc health 

For convemence we may divide the atypical cohform bactena 
mto two classes There are, first, those forms which give most ot 
the reactions pecuhar to a particular species but differ rom i 
m some shght degree not sufficient to be named as a»o“erspe«e 
Such, for instance, are chromogemc E coh (116, 12 , > ' 

encapsulated E coh (153, 118), the sugar-tolerant cohfo™ ' 
ganism described by James (67), the organism givmg com 
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serological reactions at high titre with the Salmonella (54), 
A iranscapsulatus (163), in which the organism hes at ri gh t 
angles to the greatest diameter of the capsule, E coli with polar 
flagella (66), a heat resistant form (2), the organisms which are 
methyl-red positive and also Voges-Proskauer positive, or 
“double negative”, gelatm-hquefymg E coli, ceUobiose ferment- 
mg E coll, and hydrogen-sulfide positive E coli The property 
of hemolysis is hardly an atypical feature for it is common to 
many strains of E coh both from the unne and the bowel Such 
atypical forms are confusmg to the taxonomist but probably not 
as much so to samtanans as the second class of atypical cohform 
bacteria 

In the second category we place the instances of fermentation 
mregulanties encountered m these bactena It will suffice to 
consider only irregularities encountered with lactose If one 
seeds a tube of lactose broth with a typical cohform organism, 
TOthm 24 hours full acid and gas production will appear In 
water analysis, a positive tube must show acid and gas production 
withm 48 hours What about the tube which has acid and only a 
bubble of gas m 24 hours but never any more, or one which has 
fuU gas production but reqmres 72 hours to produce it? These 
are the organisms concermng which McCrady (1938) circularized 
workers mterested m cohform bacteriology 

Moreover, cohform organisms are frequently encoimtered 
which fail to ferment lactose for a considerable number of days 
Such strains are often confused with paratyphoid bactena 
They are the true slow fermenters and m many cases can be 
tramed to rapid fermentation Many of them are Bacterium 
(^h-mutabile or mutabile types of Aerobacter and as such appear 
to be unstable variants as descnbed by Deskowitz (32), earher 
called “mutants ” 

Other atypical forms are those strains which ferment lactose 
producmg acid but faihng to produce gas For these the term 
‘anaerogenous” is used Agam there are strains which give aU 
of the reactions for Escherichia except the fermentation of lactose 
and which fail to give serological reactions with Salmonella 
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These are called “paracoh” and naay not ferment lactose no mat- 
ter how long cultured One further variant is the strain that 
ferments lactose at room temperature but not at 37‘’C 
The prevalence of such strains is mdicated by Malcolm’s work 
(103) with 1636 cultures of which 3 per cent were atypical 
Klme (81) found 126 “anaerogenous” E coh among 325 culturco 
isolated from raw and pasteunzed milk He expressed the 
opimon that these organisms are really members of the colon 
group which may have become modified through the influence of 
an unfavorable environment We beheve the evidence warrants 
the view that the slow fermenters, the “anaerogenous” strains, 
Morgan’s bacillus and “paracoh” strains are all coliform bacteria 
which may be placed with whichever species they have the most 
characters m common 

It IS much more diflflcult to assess the significance of the slow 
ietmenhetB and other atypveal cohform baet&na It has been 
suggested that there is some relationship between the power to 
ferment lactose and virulence, as shown by the fact that the 
pathogens of the colon-typhoid group do not ferment lactose, 
and also by Dudgeon’s (37) account of 49 cases of very severe 
acute infection of the gemto-urmary tract m which all the strains 
of B coh showed delayed fermentation of lactose It has been 
found that atypical forms are likely to occur m stool specimen 
from subjects showmg evidences of gastro-mtestmal lU hea f 
(47) If these pomts of view be true, it would seem that e 
atypical strains encountered m water analysis should have more 
significance as mdicators of dangerous pollution from feces or 
unne than more typical strains Diflficulty anses from t e ac 
that atypical strains are also found m many environmens 
which coliform bactena without pathological 
This IS known to the water bactenologist who is mclme 
upon slow lactose-fermentmg cohform organisms as attenua 
or "devitahzed” forms 

VABIATION IN THE COLIFOKM GHOUP 

The “unstable vanant” is by far the 
tenal variants Bactenum coh-mutahile (113, i > 
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example When this organism is cultured on lactose mdicator- 
agar it appears not to ferment lactose After some days, how- 
ever, papillae appear growmg on or out of the ongmal colomes 
Sub-cultures from these secondary colomes give typical lactose 
fermentation but sub-culture from the primary colony, avoidmg 
contact with the papillae, gives delayed fermentation and will, 
when agam plated, reproduce the ongmal picture of colomes, 
negative to lactose, but on which lactose-fermentmg secondanes 
eventually appear One may take such a stram and plate it 
senally hundreds of tunes It will still produce non-fermentmg 
colomes on which fermentmg papillae later appear Such strains 
Deskowitz called “unstable variants ” The early workers 
(113) thought of them as de Vnesian mutations, Stewart (159) 
attempted to explam them on Mendehan prmciples, and Mellon 
(105) has considered Bactenum coh-mutahle as a transitional 
developmental stage between the normal stram of E colt and 
wild, non-lactose-fermentmg E colt Such “unstable variants” 
are not uncommon and their pecuhar type of vanation is mam- 
fested m changes m colony type as well as m biochemical re- 
activity Thus Deskowitz was workmg with the R — S 
colony type variation as manifested by certam strains of Sal- 
tnonella aerirycke, and what appear to be “unstable variant” 
phenomena are recorded by Koser and Vaughan (86) m theu paper 
on the utihzation of d-arabmose by bactena It is possible, 
also, that the citrate “mutant” described by Parr may be another 
uistance of “imstable” variation It should be stated that ex- 
cept m the case of capsulated forms the discussion deals, so far 
as the records show, with smooth phase cultures 
Recent work with variations m the abdity to ferment sucrose 
have mterested workers m the cohform field and challenged 
taxonomists Sherman and Wmg (146) found that certam 
recently isolated strains of E colt and A aerogenes, seeded m 
pure culture m sahcm and sucrose broths, gave rise to progeny 
which vaned from the parent strains used For example, from a 
culture of E colt, which fermented sahcm but not sucrose, 
progeny of four fermentative types were obtamed which would 
by some tennmologists be named as four different species Treg- 



30 


LEIjAND W PAER 


o^g and Poe (172) confirmed the production of sucrose vananfs, 
whereas Fulton (49) was unable to do so Mmkewitsch, Rabino- 
witsch and Joffe (108) have also reported the production of 
^crose-fermenting strains from sucrose-negative antecedents 
There seems to be marked difference in the facihty with which 
strains of these bacteria vary and the frequency of appearance 
of strains capable of variation Thus in our work we encoun- 
tered up to the summer of 1938 only 29 instances of cohfomi 
strains givmg the citrate "mutation ” But, June 2, a fecal 
specimen was exammed m which 54 of 60 colomes, picked, pun- 
fied and studied, were E coh which gave off in each instance 
small numbers of variants that one would have to classify as 
atypical E freundtt smce they were citrate-positive and hydrogen- 
sulfide negative 

Nyberg, Bonsdorff and Kauppi (114) reported that two of 
their strains changed from Eschmcha to Aerohacter This 
statement was made on the basis of a change from M R -f V P - 
to M R — V P -f- after isolation Citrate was not used in this 
work Such changes were observed by Koser (84) who reported 
eight soil coliform strains which reversed their methyl-red and 
Voges-Proskauer reactions Koser’s cultures were, however, 
all positive utihzers of citrate so that the change observed was 
not from Escherichia to Aerohacter but a shift of type within the 
"intermediate” group Mmkewitsch, Rabinowitsch and Joffe 
(1936) reported changes in vitro and m the soil of E coh to 
"mtermediates ” On the basis of their findmgs they suggested 
that it might be argued that all coliform bacteria arise from fecal 
E coh Most workers, however, seem to feel that the direction 
of evolution m the cohform group has been from the highly rea^ 
tive, ubiquitous A aerogenes to the less reactive, more specia ze 


parasitic types 

Passmg over numerous mterestmg references to the aitera i 
of cultural findmg m the coliform group through the use o 
chemicals, immune serum, and the like, we next discuss ® 
Nyberg, Bonsdorff and Kauppi (114) m 1935 stuied 200 culture^ 
isolated at Helsmgfors m 1933 They found that 68 stram 
not viable and that only 25 of the 132 viable cultures had the 



COLIFOKM BACTERIA 


31 


original colony type and cultural reaction Fifty-nine cultures 
had changed in both colony type and reaction and 11 more, al- 
though retauung the origmal colony type, gave different reactions 
Stuart, Griffin and Baker (161) studied “shifts” m the reactions 
of 191 cultures and found that m 47 mstances changes occurred 
They suggest that it might be better to use the term “stabiliza- 
tion” rather than “purification” for the treatment to be accorded 
cultures, and hold that “purification” imphes contammation by a 
foreign species whereas “stabihzation” imphes a reasonable con- 
stancy of reaction without excluding the possibihty of variation 
under smtable conditions 


SEROLOGY 

Van Loghem (173) early emphasized the serological hetero- 
geneity of the cohform group, statmg “Das mdividueUe Beneh- 
Dien der Coh-Bazillen bei serologischen Untersuchungen ist 
hekannt Stellt man em Immunserum her nut emem bestimmten 
Coh-Stamme, dann findet man selten andere Coh-Stamme, 
welche von diesen Serum agglutimert werden ” Even fecal 
strains isolated from the same plate will not generally be m- 
fluenced by the antisera prepared from any of the others There 
are two possibihties Either the number of kmds of E coh 
is very considerable or the serological vanabihty is very great 
Such extreme vanabihty could only be conceived of on some such 
theory of antigemc flux or instabihty as van Loghem had m 
Knud “der Rezeptorenapparat des B coh sich m emem Zustande 
statiger immer Verschiebung befindet, so dass sie Characterzuge, 
Seiche bei anderen Bakterien die spezffischen Serumreaktionen 
ermoglicht haben, bei Coh-BaziUen bald wieder ausgewischt 
Werden ” 

Mackie (100) stated that, while an immune serum to a partic- 
ular stram of typhoid bacillus will agglutmate most strains of 
^ iyphosus with but httle variation m degree, immune serum 
to certain B coh types, on the other hand, have been found to 
uxert httle or no action on other strains identical as regards cul- 
tural reactions with that used for immunization Snnth (154) 
said “The relation between a stram of B coh and its mutant 
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'With reference to the production of agglutinins and protective 
antibodies may be expressed by the statement that the original 
stram when mjected mto cows develops antibodies both toward 
itself and the mutant, whereas the mutant produces them only 
towards itself ” The citrate “mutant” reported by Parr (124) 
reacted to the same titre as the parent stram with a serum pre- 
pared against the parent On the other hand, Sievers (147) 
reported that a cohform stram gave two variants, a gas former 
and a stram which did not form gas Sera were prepared from 
both variants and these sera were not identical Havens and 
Irwm (58) also observed an antigenic change comcidentai with 
the acquisition of sucrose fermentation m the Morgan bacillus, 
“no cross-agglutmation” occurrmg between the sucrose-ferment- 
mg and the non-sucrose-fermentmg “strains from the same 
culture ” 


Lovell (95), employmg the precipitm test, found that 79 of 
HO strains of cohform bactena from diseased calves fell mto 
eight groups Hatchener (1938) prepared sera against eight 
slow lactose-fermentmg strains and tested 19 cultures of these 
organisms agamst the eight sera Four strains were encountered 
which fell mto one group but the others were individualistic 
It is true that Dudgeon, Wordley and Bawtree (36) found that 
most of their hemolytic strains of cohform bactena isolated from 
acute urmary infections were agglutmated by a serum prepared 
from one of them However, the non-hemolytic cultures from 


the same source showed no such relationship 
Serological work with cohform bactena of the genus Kkhsiem 
has, however, led to more satisfymg results In 1926 JuhaneiJe 
(71, 72, 73) established the fact that the specificity of these organ- 
isms resides m their capsular materials He studied a senes o 
Fnedlander bacilh and classified them mto three specific ty^s 
A, B, and C, and a heterogeneous group X Edwards { 
tested 50 strams of encapsulated bacilh and was able to p ce 
43 m two serological groups, seven remammg untyped in 
he found that five cultures of Bad aerogenesj^re seroh^m 
identical (as then tested) with type B Fneifiander bac^ 
two were identical with a stram of the granuloma baciUus 
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In 1934 Morris and Julianelle studied rhinoscleroma strains 
and found them serologically identical with tj^e C Fnedlander 
bacilh Barnes and Wight (9) studied a hemolytic, encapsulated 
stram of E coli which appeared to have antigemc identity with 
pneumococcus type I In 1937 Juhanelle (75) exammed strains 
of Bactenum aerogenes and showed there were three type-specific 
immunological entities among them, one common to pneumococ- 
cus type II, one common to both pneumococcus type II and 
Fnedlander’s bacillus type B, and a third which was mdividual- 
istic He also showed that strains of Bacterium aerogenes differ 
serologically when encapsulated, but become antigemcaUy the 
same when de-capsulated This leads us to the most important 
recent advance m the serology of the cohform group Studies 
by Juhanelle (76) on the immunological reactions of the un- 
encapsulated cell supphed the hypothesis that the different organ- 
isms once deprived of the abihty to elaborate capsular polysac- 
charide might be more readily amenable to systematization 
Accordmgly, unencapsulated, or “R” strains,” were denved 
from the encapsulated "S” strains by contmued cultivation of the 
“S” form m homologous anti-S serum 

With such unencapsulated strains and such sera, Juhanelle 
studied some of the encapsulated cohform bacteria (No type B 
Fnedlander bacilh were mcluded) and found that they fell mto 
two mam groups one mcludmg Fnedlander bacilh types A 
snd C, and the other rhmoscleroma, ozaena, A aerogenes, and 
granuloma strains More recently (1938) Juhanelle has tested 
three strains of E coh and two of A aerogenes m a prehmmary 
study The former feU mto two groups and the latter mto one 
Such serological work is laborious and time-consummg, but it is 
possible that some such approach as this will prove very fruitful 

CLASSIFICATION OF THE COLIFORM BACTERIA 

I 

Malcolm (103) has stated that the cohform group of bacteria 
consists of a gradation of types so closely linked together as to 
render it undesirable to divide the group into two genera The 

" The designations of the culture phases are those of Juhanelle (76) 
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reviewer hopes to convey a concept of cohform bacteria as a 
p'oup of closely related, closely intergrading bacteria m which, 
by the dropping of one character or the acquisition of another, 
an organism appears as a new stram It is only reasonable to 
suppose that at mtervals along the gamut of numerous vaneties 
one can pick out a stram that will differ m a number of respects 
from another selected from another locus m the senes 
The error of past classifications has been to dignify each recog- 
mzable variety encountered with a name We now know that 
some of our most cherished measurmg rods, such as the methyl 
red and Voges-Proskauer reactions, sugar fermentations, indole 
production, and the utihzation of citrate as a sole carbon source, 
are not to be depended upon to give with the same organism at 
all tunes the same reaction Cohform bacteria are particularly 
restless when compared with most other groups of bactena It 
IS among them that the most mterestmg and numerous instances 
of variation, and "shifts” occur 
The most fundamental objection, from our ponat of view, to 
the establishment of more than one genus for the cohform bacteria 
IS that to do so will obscure for all save a few who are unusually 
conversant with the group its essentially intergradmg nature 
The correct orientation and stimulus which this pomt of view 
provides should result m further needful research in the field 
It seems, furthermore, that the concept of the cohform “mter- 
mediates” is such that if we are to have more than one genus ne 
must also recogmze one for the "mteimediates " To classify 
these forms with Escherichia is to obscure the significant pomfe 
that characterize “intermediates” as such, and to lose sight o 


their essential mtermediate nature 
For some time we have regarded Klebsiella as cohform strains 
derived from the more defimtely recognized types of the group, 
such as Aerobacier, and differentiated from them by eco ogica 
factors to manifest a lessened and vanable biochemical ac m > 
a more distmct encapsulation and, in some instances a / 
enhanced virulence Serology mdicates their close re a i 
to Aerobacier Aerohacier is less a toxm producer ^ 
Escherichia, and it is more easily degraded by enviro 
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influences Such a form as Fnedlander’s bacillus is, according 
to Smith, a more advanced or developed pathogen than the toxm- 
producmg E coh which Smith speaks of as “a primitive aggres- 
sive form ” 

If the Fnedlander bacillus has evolved beyond the primitive 
toxm stage, as conceived by Theobald Smith, it would require 
some sort of speciahzation m order to mamtam its position suc- 
cessfully as an mvader of respiratory membranes This the 
capsule supphes It would seem that there is httle to be gamed 
in settmg up a number of species m this group based on very httle 
else than host source 

Personally, we should hke to follow Jordan (General Bacte- 
nology, 11th edition, 1935) m retainmg the genus Bacterium for 
the entire group of cohform bacteria It seems, however, that 
there are taxonomic difficulties preventmg this For a genus 
name to be vahd its type species must be recognizable, and 
Bacterium triloculare Ehrenberg, 1828, is of course unrecogmz- 
able Bacterium was retamed for some time as a temporary 
genus but it is now felt that the tune has passed for a contmua- 
tion of such a status (15) Were the taxonomists to propose one 
genus for all cohform bacteria, it is our suggestion that it should 
comprise the two species, now called E coh and E freundii, 
the two now designated as A aerogenes and A cloacae, and one 
of the SIX now listed under Klebsiella, presumably K 'pneumoniae 

CONCLUSION 

The cohform group of bactena has presented distmct problems 
in classification m the past As early as 1893 Denys and Martm 
(31) mdicated the two mam reasons for the encumberment of 
bacteriology with false species as, first, a paucity of comparative 
studies, and second, the vanations to which a smgle species is 
subject Sufficient data have now accumulated to warrant re- 
vision of former classifications An understandmg of the com- 
plexity of the group as revealed by the apphcation of a wide 
Variety of biochemical tests and an appreciation of its vanabihty 
and changeabihty has convmced workers of the futdity of at- 
tempting to give species rank to more than a few of the many 
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t3T3es that have been descnbed This point of view has been 
strengthened by the apparent failure thus far to demonstrate 
toat certain strains are pecuhar to a given environment or ac- 
tivity It appears rather that cohform bacteria must be thought 
of as a well-mgh ubiquitous group of organisms Of these, that 



type will predominate m a given environment which is best 
adapted to the conditions of hving found there 
The recent revision of Bergey’s Manual of Determinative 
Bacteriology (12) has wisely taken cognizance of these pnncip es 
and radically revised cohform classification m the direction o 
simphcity The opportumty which this review offers 
ment on that classification has been taken advanta^ o a 
suggestions have been made for further progress whic our 
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quamtanceship with the organisms and their hterature would 
seem to warrant 

The cohform group is a large one made up of closely related, 
highly mtergradmg, and somewhat unstable bacteria which form 
a fairly wide gamut or continuum extendmg from the lactose- 
negative paracolon forms at one extreme to the highly reactive 
A aerogenes at the other Standmg with the paracolon forms 
next to Salmonella, one finds the Morgan bacillus In about 
the same position, and leading to Eberthella and Shigella, are 
located the anaerogenous E coli Next to these vaneties come 
the slow lactose-fermentmg E coli so likely to be manifested 
as "unstable variants " Completmg one side of the picture, 
one finds the typical E coli which bridge over to the A aerogenes 
side by way of the "mtermediates ” Below A aerogenes we 
find A cloacae which appears to pomt toward the genus Proteus, 
and above all forms, but particularly above A aerogenes, are 
located the Friedlander organisms We have tned to represent 
this concept graphically m figure 1 

It IS felt that our present understandmg of the cohform group 
requires for its best expression the allocation of all these bacteria 
to five species withm one genus 


ACKNOWLEDGMENTS AND REFERENCES 


A cknowledgemenis 

The reviewer acknowledges with gratitude the assistance of the following 
scientists in putting at his disposal opinions, unpublished data, and prepublica- 
tion manuscripts 


Beckwith, T D 
Bigger, J W 
Breed, R S 
Butterfield, C T 
Cameron, E J 
Carpenter, R L 
Chapman, G H 
Chester, F D 
Cohen, F E 
Dodgson, R W 
Dollahite, J W 


Dozois, K P 
Dulaney, A D 
Edwards, G P 
Edwards, P R 
Fabian, F W 
Fulton, M 
Hill, J M 
Hitchens, A P 
•Hitchener, C N 
Horwood, M P 
•Julianelle, L A 


Koser, S A 
Bhiebel, R M 
Kulp, W L 
Lauter, C J 
L6pine, P 
Levine, B S 
Levine, M 
McCradj, M H 
Mickle, F L 
•Norton, J F 
•Norcum, G D 


* Also assisted at the Cohform Round Table, Washington, D C , 1937 



38 


LKLAND W PABE 


’Perry, C A 
Plastridge, W N 
Hahn, 0 
Rogers, L A 
Sanborn, J R 
Schoemng, H W 
‘Seidman, L R 


Stanley, A R 
’Stark, C N 
Stuart, C A 
Stuart, L S 
TenBroeck, C 
Thom, C 
Tittsler, R P 


Vaughn, R 
Williams, 0 B 
’Winslow, C-E A 
’Vale, M W 
Ziegler, N W 


References 

(1) Adams, G 0,ANn Kingsbury, F H 1937 Expenences with chlorinating 

new water mams J New Engl Water Works Assoc , 61, 60-68 

(2) Alvaeez, R S 1926 A causative factor of “floaters” durmg the cunng 

of olives J Baot , 12, 359-365 

(3) d'Aunot, R 1929 Infections probably due to Morgan’s bacillus Am 

J Med Sci , 178, 834-837 

(4) Abkwright, j a 1913 Natural variation of B aeidi lachci with respect 

to the production of gas from carbohydrates J Hyg , 13, 68-86 

(5) Bamtobth, j 1934 An enquiry into the coli anaerogenes bsctena J 

Hyg , 34, 69-SO 

(6} Basdslet, D a 1934 The dietnbutwa and sanitary significance of 
B coh, B lachs aerogenea and intermediate types of cohform bacilli 
m water, soil, faeces and ice-cream J Hyg , 34, 38-68 

(7) Bardslet, D a 1938 The bacterial content of ice-cream in relation to 

manufacture, storage and standards of purity J Hyg , 38, 527-546 

(8) Bardslet, D a 1938 A comparative study of cohform organisms found 

in chlorinated and in non-chlorinated swimming bath water J Hyg , 
38, 721-731 

(9) Barnes, L A , and Wight, E C 1935 Serological relationship between 

pneumococcus Type I and an encapsulated strain of Esehenchia coh 
J Exptl Med , 62, 281-287 

(10) Barteam, M T,andBiack, L A 1937 Detection and significance of 

the cohform group in nulk II Identification of species isolated 
Food Research, 2, 21-26 

(11) Beckwith, T D 1931 The bacteriology of pulp slime J Sect , 22, 

15-22 , , 

(12) Bbbgbt, D H, Breed, R S, and Mubrat, E G D 1939 Manual 

of Determinative Bacteriology, 5th Ed , Wilhams A Wilkws , 

Baltimore , - 

(13) Bigger, J W 1934 The bacteriological examination of mussels 


Hyg , 34, 172-194 _ 

(14) Bigger, J W 1937 The growth of cohform bacilli m water J 

Bact , 44, 167-211 , _ 

(15) Breed, R S , and Conn, H J 1936 The status of the genenc term 

Baclerium Ehrenberg 1828 J Bact , 31, 517-518 „ntio 

(16) Breed, R S , and Norton, J F 1937 Nomenclature for the colon group 

Am J Pub Health, 27, 560-563 ^ 

* Also assisted at the (filiform Round Table, Washington, D C , 1937 



COLIFORM BACTERIA 


39 


(17) Buchakan, E B , AND Meghaid, E 1929 Two outbreaks of food poison- 

ing probably due to B cloacae J Infectious Diseases, 44, 235-242 

(18) Buhke-Gaffnet, H J O’D 1932 The classification of the colon- 

aerogenes group of bacteria in relation to their habitat audits applica- 
tion to the sanitary examination of water supplies in the tropics and 
in temperate climates A comparative study of 2500 cultures J 
Hyg , 32, 85-131 

(19) Bukke-Gaffnet, H J O’D 1933 The t 3 rpe of coliform bacilli prevalent 

in urine and their significance, with special reference to the sanitary 
aspects J Hyg , 33, 510-515 

(20) Bubket, L a 1928 The fermentation of cornstalks and their constitu- 

ents Iowa State Coll J Sci , 3, 57-100 

(21) Been, C G 1934 Postmortem bacteriology J Infectious Diseases, 

64, 395-403 

(22) Beerage, S 1927 Bacteria in the supposedly sterile mecomum J 

Bact , 13, 47-48 

(23) Bexton, P a 1920-21 Carriage of coliform bacilli by the oriental 

hornet, Vespa orienlalis Fabr J Hyg , 19, 68-71 

(24) Caldwell, E L , and Pare, L W 1933 Pump infection under normal 

conditions in controlled experimental fields J Am Water Works 
Assoc , 26, 1107-1117 

(25) Caepentee, P L , and Felton, M 1937 Escherichia-AeTobacter inter- 

mediates'from human feces Am J Pub Health, 27, 822-827 

(26) Chapman, G H 1929 Electrophoretic potential as an aid in identifying 

strains of the B coli group J Bact , 18, 339-342 

(27) Claek, W M , AND Lees, H A 1915 The differentiation of bacteria 

of the colon-aerogenes family by the use of indicators J Infectious 
Diseases, 17, 160-173 

(28) Clemesha, W W 1912 The bacteriology of surface waters in the tropics 

Calcutta 

(29) Cox, C R , Gilcebas, W F , Hinman, J J , Beret, A E , Ziegler, N R , 

Paer, L W , Hale, F E , Norcem, G D , Waeing, F H , Norton, 
J F , and Wolman, a 1937 Panel discussion-gastroententis J 
Am Water Works Assoc , 29, 1137-1176 

(30) Crosslet, E L 1938 The bacteriology of meat and fish pastes, including 

a new method of detection of certain anaerobic bacteria J Hyg , 
38, 205-216 

(31) Dents, J , anti Martin, I 1893 Sur les rapports du pneumobacille de 

Fnedlander, du ferment lactique et de quelques autres organismes 
avec le B lachs-aerogenes et le B typhosus La Cellule, 9, 261-293 

(32) Deskowitz, M W 1937 Bacterial variation as studied in certain un- 

stable vanants J Bact , 33, 349-367 

(33) Dick, G F , Dick, G H , antj Williams, J L 1928 The etiologj of an 

epidemic of enteritis associated with mastoiditis in infants Am J 
Diseases Children, 36, 955-963 

(34) Dozois, K P 1936 Variations in the electrophoretic mobilities of 

Eschcnchia, Aerohacler, and "intermediate” strains J Bact , 31, 
211-215 



40 


lELAND TV PARK 


(35) Dudoeon, L S 1908 Acute and chrome infections of the unnair tract 

due to the Bacillus coh Lancet, 1, 615-620 

(36) Dudgeon, L S , Wordlet, E , and Bawtree, F 1922 On Bacillus coh 

infections of the urinary tract especially in relation to haemolytic 
OTgmiama J Hyg , 21, 188-198 

(37) Dudgeon, L S 1923-24 Acute infection of the urinary tract due to a 

special group of haemolytic bacilli J Hyg , 22, 348-354 

(38) Dulanet, a D , and Michelson, I D 1935 A study of B coh mutahle 

from an outbreak of diarrhea m the new-born Am J Pub Health, 
26, 1241-1251 

(39) Durham, H E 1901 Some theoretical considerations upon the nature 

of agglutinins, together with further observations upon Bacillus 
typhi abdominahs, Bacillus enleritidis, Bacillus coh commums. Bacillus 
lacits aerogenes, and some other bacilli of allied character J Exptl 
Med , 6, 353-388 

(40) Edwards, P R 1928 The relation of encapsulated bacilli found m 

metritis in mares to encapsulated bacilli from human sources J 
Bact , 16, 245-266 

(41) Edwards, P R 1929 Relationships of the encapsulated bacilli with 

special reference to Bact aeropenes 3 Bact , 17, 339-353 

(42) Escberich, T 1885 Die Darmbakterien des Neugeborenen und SSug 

lings Fortschr Med , 3, 515-522 

(43) Escherich, T 1886 Die Darmbakterien des Saughngs Ferdinand 

Enke, Stuttgart 

(44) Fabian, F W , and Coulter, E W 1930 Significance of colon-aerogenes 

group in ice cream I Survival of members of the Escherichia 
Aeroiacter group to pasteurising temperatures in ice cream J Dairy 
Sci , 13, 273-287 

(45) Fblben, j 1939 The newer concepts of intestinal infection J Am 

Med Assoc , 112, 46-49 

(46) Fitzgerald, J G 1914 A biometrical study of the roucosus capaulatus 

group J Infectious Diseases, 16, 268-278 

(47) Fothbrqill, L D 1929 Unusual types of non-laotose-fermenting, 

gram-negative bacilli isolated from acute diarrhea in in an s 
Infectious Diseases, 46, 393-403 

(48) France, R L 1933 Studies of Bacterium coh in privately owned rura 

water supplies J Bact , 26, 623-635 , 

(49) Fulton, M 1938 Attempt to secure fermenting variants y 

transfers in sucrose J Bact , 36, 107 , ^ r SS 

(50) Garen, j P 1936 Infectious gastroenteritis N Y State J , < 

April 1, 485-498 a r 1932 Foodpoisomng 

(51) Gilbert, R , Coleman, M B , andLaviano, A B 19 ,(,acae-aerogene3 

due to toiac substances formed by strains of the cloacae s 

group Am J Pub Health, 22, 721-726 water J 

(52) Gray, J D A 1932 The significance of Bad aerog 

Hyg , 32, 132-142 



COLIFOKM BACTEBIA 


41 


(53) Griffiths, F P , and Fuller, J E 1936 Detection and significance of 

Escherichia coli in commercial fish and fillets Am J Pub Health, 
26, 259-264 

(54) Habs, H , AND Arjona, E 1934-35 Ueber einem Stamm von Bacterium 

coll mit Antigenbeziehungen zur Salmonellagruppe Zentr Bakt 
Parasitenk , I, Ong , 133, 204-209 

(55) Hall, I C , and O’Toole, E 1934 Bacterial flora of first specimens of 

meconium passed by fifty new-born infants Am J Diseases Children, 
47, 1279-1285 

(56) Haudurot, P , Ehringer, G , Urbain, A , Guillot, G , and Magrou, J 

1937 Dictionnaire des bactdnes pathogfenes Masson et Cie , Pans 

(57) Havels, L C , and Mayfield, C R 1930 A paratyphoid-bke infection 

due to Morgan’s bacillus J Prev Med , 4, 179-188 

(58) Havens, L C , and Irwin, A G 1932 A correlated fermentative and 

antigenic variation in certain strains of Morgan’s bacillus J In- 
fectious Diseases, 60, 550-554 

(59) Hat, H R 1932 A study of the Bacillus mucosus capsulatus group 

J Hyg , 32, 240-257 

(60) Heathman, L S , Pierce, G O , and Kabler, P 1936 Resistance of 

vanous strains of E iyphi and coli-aerogenes to chlorine and chloram- 
ine Pub Health Rept , 61, 1367-1387 

(61) Hbeks, W G , AND Famdlener, L W 1929 An analysis of six thousand 

consecutive routine blood cultures J Bact , 17, 48 

(62) Hill, J H , Seidman, L R , Stadnichenko, AMS, and Ellis, M G 

1929 A study of two hundred cultures of gram-negative bacilli iso- 
lated from cases of genito-urinary infection J Bact , 17, 205-246 

(63) Hill, J H , AND Seidman, L R 1934 Bacterial invasions of the blood 

stream in urology J Bact , 27, 87-88 

(64) Howe, E C 1912 A biometric investigation of certain non-spore-form- 

ing intestinal bacilh Science, 36, 225 

(65) Hulter, a C 1922 The sources and characteristics of the bacteria in 

decomposing salmon J Bact , 7, 85-109 

(66) Huss, H 1931 Polar begeisselte "Cobbakterien ” Zentr Bakt 

Parasitenk, I, Ong , 120, 225-227 

(67) James, L H 1930 A sugar-tolerant member of the colon-aerogenes 

group J Bact , 19, 145-148 

(68) Jampolis, M , Howell, K M , Calvin, J K , and Levelthal, M L 

1932 Bacillus mucosus infection of the new-born Am J Diseases 
Children, 43, 70-88 

(69) Jordan, E O , Crawford, R R , and McBroom, J 1935 The Morgan 

bacillus J Bact , 29, 131-148 

(70) Jordan, H E 1937 Editorial statement— The coliform group of bac- 

teria J Am Water Works Assoc , 29, 1999-2000 

(71) Julianelle, L a 1926 A biological classification of Encapsulalus 

pneumoniae (Friedlander’s bacillus) J Exptl Med , 44, 113-128 



42 


IiELAND W PAER 


(72) L a 1926 Immunological relationships of encapsulEted 
and capsule-free strains of Encapsulaiui pneumoniae (Friedlander’e 
bacillus) J Exptl Med , 44, 683-696 

(73) JtrLiANEi,i,B,L A 1926 Immunological relationships of cell constituents 

of Encapsulaiua pneumoniae (Friedlander's bacillus) J Exptl Med 
44, 735-751 ’ 

(74) JtTMANELM, L A 1935 A biological classification of Kkhtulla oienat 

J Bact , SO, 535-543 

(75) JuLiANBLLE, L A 1937 Imm u n ological specificity of Bacterium oerogenei 

and its antigenic relation to pneumococcus, Type II, and Friedlander’s 
bacillus, Type B J Immunol , 32, 21-33 

(76) JuMAKEiiLB, L A 1937 Immunological relationships of encapsulated 

gram-negative rods Proc Soc Exptl Biol Med , 36, 245-248 

(77) JtJLiANBLLB, L A 1938 Antigenicity of the Fnedlander group J 

Bact , 36, 24 

(78) Kbnnedt, j a , Cummings, P L , and Morrow, N M 1932 Atypical 

lactose-fermenters belonging to the genus Bacterium (Bergey) Cul 
tural and biochemical reactions J Infectious Diseases, BO, 333-343 

(79) Kliqlbr, I J 1914 Studies on the classification of the colon group 

J Infectious Diseases, 15, 187-204 

(80) KLiaPER, I J 1919 The agglutination reactions of the Morgan bacillus 

No 1 J Exptl Med , 29, 531-536 

(81) Kline, E K 1930 The colon group of bacteria in milk 19th Ann 

Repts , Intern Assoc Dairy Milk Inspectors 

(82) Koser, S a 1918 The emploirment of uric acid synthetic medium for 

the differentiation of B coli and B aerogenes J Infectious Diseases, 
23,377-379 

(83) Kosbr, S a 1923 Utilization of the salts of orgahic acids by the colon 

aerogenes group J Bact , 8, 493-520 

(84) Koser, S A 1924 Correlation of citrate utilization by members of the 

colon-aerogenes group with other differential characteristics and with 
habitat J Bact , 9, 59-77 

(85) Koser, S A 1926 The coli-aerogenes group in soil J Am IVater Works 

Apsoc 16 

(86) Koser, S A , Ind Vaughan, E F 1937 A study of d-arabmose fermenta- 

tion J Bact , 33, 587-602 . 

(87) Leaht, H W 1932 Cotton guard rope in swimming pools ^ source oi 

colon-aerogenes group J Am Water Worts Assoc , 24, 

(88) Levine, M 1916 The correlation of the Voges-Proskauer and 

reactions in the colon-aerogenes group of bacteria J n e 

Diseases, 18, 358-367 , m-mm 

(89) Levine, M 1918 A statistical classification of the colon-cloacae gr p 

J Bact , 3, 253-276 , ,n 

(90) Levine, M 1921 Bacteria fermenting ®nd their siffa 5 

water analysis State Coll Eng Exptl Sta Bdl,^o 62 

(91) Levine, M , Atwani, G A , anh Welrin, J C 1925 The Morgan group 

of paratyphoids Am J Pub Health, 16, 17 21 B,nmnghsm 

(92) Lewis, C J 1917 The cohform orgamsms of water-cress 

Med Rev , 81, 1-10 



COLIFORM BACTERIA 


43 


(93) Lieb, C W , Chapman, G H , Rawls, W B , and Stiles, M H 1938 

Bactenology of the intestinal tract in certain chronic diseases I 
Sporulating anaerobes, aciduric organisms and colon group Rev 
Gastroenterol , 6, 142-149 

(94) Lieb, C W , and Chapman, G H 1938 Bactenology of the intestinal 

tract in certain chronic diseases III The possible role of upper 
respiratory infection Rev Gastroenterol , 6, 306-318 

(95) Lovell, R 1937 Classification of Bacterium coh from diseased calves 

J Path Bact , 44, 126-139. 

(96) MacConket, a 1905 Lactose-fermenting bactena in faeces J Hyg , 

6, 333-379 

(97) MacConket, a 1909 Further observations on the differentiation of 

lactose-fermenting bacilh, with special reference to those of intestmal 
ongin J Hyg , 9, 86-103 

(98) Mackennon, E , Thhneh, E L , and Khatat, G B 1934-35 Charac- 

teristics of mucoid-encapsulated orgamsms isolated from cases of 
bronchial asthma Proc Soc Exptl Biol Med , 32 , 552-553 

(99) McKinlat, B 1937 Infectious diarrhea in the new-born caused by an 

unclassified species of Salmonella Am J Diseases Children, B4, 
1252-1256 

(100) Mackie, T j 1921 A study of the B coh group with special reference 

to the serological characters of these orgamsms Trans Roy Soc S 
Afr , 9, 315-366 

(101) Maib, W 1906 Note on a paracolon bacillus found in the urine Bnt 

Med J , 1, 438-439 

(102) Malcolm, J F 1933 The occurrence of coliform bacteria in milk J 

Dairy Research, 6, 14-28 

(103) Malcolm, J F 1938 The classification of coliform bacteria J Hyg , 

38, 395423 

(104) Massini, R 1907 tlber emen in biologischer Beziehung interessanten 

Kolistamm {Bacterium coh mutabile) Arch Hyg Bakt , 61, 250-292 

(105) Mellon, R R 1925 Studies in microbic heredity II The sexual cj cle 

of B coh in relation to the origin of variants with special reference to 
Neisser and Massini’s B coh mutabile J Bact , 10, 579-588 

(106) Minkewitsch, I E 1930 Die Grundtypen der Baktenengruppe Coli- 

aerogenes und ihre Herkunft Z Hyg Infektionskrankh , 111, 180-190 

(107) Minkewitsch, I E 1931 Materialien zur Rolle der Insekten in der 

Verbreitung der Bakterien der Coli-aerogenes-Gruppe im Reich der 
Pflanzen Zentr Bakt Parasitenk , II, 83, 125-126 

(108) Minkewitsch, I E , Rabinowitsch, D J , and Joffe, F S 1936 Bei- 

trage zur Frage uber die Herkunft und die sanitare Bedeutung der 
zitratassimilierenden Abarten von Bacterium coh Zentr Bakt 
Parasitenk , I, Ong , 137, 152-160 

(109) Mitchell, N B , and Levine, M 1938 Nitrogen availabihtj as an aid 

in the differentiation of bacteria in the coh-aerogenes group J Bact , 
36, 587-598 

(110) Morris, M C , and Julianelle, L A 1934 A biologic classification 

of the bacillus of rhinoscleroma J Infectious Diseases 65, 150-155 



44 


LELAND W PAEH 


(111) Mtjlhbrn, M E aot Seelte, W B 1936 A case of menmptis in a 
newborn infant due to a slow lactose-fermenting organism belonging 
fno\ M group J Lab Clin Med , 21, 793-797 

Near, J B 1926 Meningitis caused by bacilli of the colon group Am 
J Med Sci , 172, 740-748 

(113) Neisser, I M 1906 Ein Fall von Mutation nach de Vnes bei Baktenen 
und andere Demonstrationen Zentr Bakt Parasitenk , I, Ref 33, 
98-102 ’ 


(114) Ntbbrq, C , Bonsdorpf, K , and Kaeppi, K 1937 Ueber die VerSnder 

lichkeit einiger coh- und coh-ahnlicher, aus Kloakenwasser isolierler 
Baktenen Zentr Bakt Parasitenk , I, Orig , 139, 13-27 

(115) Oeser, H 1937 JSacferttim coh m der Milch Zentr Bakt Parasitenk , 

II, 96, 287-329 

(116) Obstehlb, P 1935 Bactenum coh ftavxim Zentr Bakt Parasitenk , I, 

Orig , 134, 115-118 

(117) Parr, L W , and Caldwell, E L 1933 Variation within the colon 

aerogenes group as found m bacteriologic analysis of water from con 
taimnated pumps J Infectious Diseases, 63, 24-28 

(118) Parr, L W 1933-34 Mucoid Bacleriwn coh in feces of norms! subject 

Proc Soc Exptl Biol Med , 31, 226-227 

(119) Parr, L W 1936 Sanitary significance of the succession of coh aerogenes 

organisms m fresh and m stored feces Am J Pub Health, 26, 39-45 

(120) Parr, L W 1936-37 Unrecorded form of Sacterxum aurescem, sole 

colon-group representative in a fecal specimen Proc Soc Expt! 
Biol Med , 36, 563-565 

(121) Parr, L W 1937 Viability of coh-aerogenes organisms in culture and in 

various environments J Infectious Diseases, 60, 291-301 

(122) Parr, L W 1938 The occurrence and succession of cohform organisms 

in human feces Am J Hyg , 27, 67-87 

(123) Parr, L W 1938 Cohform intermediates in human feces J Bact, 

36, 1-15 

(124) Parr, L W 1938 A new ''mutation" in the cohform group of bacteria 

J Heredity, 29, 380-384 

(125) Perkins, B. G 1907 Relation of the Bacilhu mvcosus capsvhtus group 

to rhinoscleroma, and of the various members of the group to one 
another J Infectious Diseases, 4, 51-65 

(126) Perrt, C a 1929 The significance of aerobic non-sporulating bacteri 

producing gas from lactose in oysters and water Am J iS > < 


5S0"^13 

(127) Prescott, S C , and Winslow, C -B A 1931 Elements of water bsc 

tenology 5th Ed , John Wiley & Sons, New York , j- 

(128) Baghavachabi, T N S , and Iter, P V S 1936 A [ 

of certain selective media used in water analysis g 
review of the literature on the subject Indian J 


(129) Rahn, 0 1937 New principles for the classification of bacteria 2e 

Bakt Parasitenk , II, 9$, 273-286 



COLIFOEM BACTERIA 


45 


(130) Eatjss, K F 1936 The systematic position of Morgan's bacillus J 

Path Bact , 42, 183-192 

(131) Rennebaum, E H 1935 A chemical-biological study of Escherichia coli 

and three of its rough variants J Bact , 30, 625-638 

(132) Revis, C 1910 The stability of the physiological properties of cohform 

orgamsms Zentr Bakt Parasitenk , II, 26, 161-178 

(133) Robinson, A L 1928 A convement chart classification of lactose- 

fermenting Bacillus coll (MacConkey’s tests) for use m bacteriological 
examination of tropical and subtropical supplies J Roy Naval 
Med Service, 14, 104-117 

(134) Rogbes, L a , Ceaek, W M , and Davis, B J 1914 The colon group 

of bacteria J Infectious Diseases, 14, 411-475 

(135) Rogers, L A , Clark, W M , and Evans, A C 1914 The characteristics 

of bactena of the colon type found in bovine feces J Infectious 
Diseases, 16, 99-123 

(136) Rogers, L A , Clark, W M , and Evans, A C 1915 The characteristics 

of bacteria of the colon type occurring on grains J Infectious Dis- 
eases, 17, 137-159 

(137) Rogers, L A , Clark, W M , AND Lubs, H a 1918 The characteristics 

of bactena of the colon type occumng in human feces J Bact , 3, 
231-252 

(138) Rogers, L A 1918 The occurrence of different types of the colon- 

aerogenes group in water J Bact , 3, 313-328 

(139) Ruchhoft, C C , Kallas, J G , Chinn, B , and Coulter, E W 1931 

Coli-aerogenes differentiation in water analysis J Bact , 21, 407-440 

(140) Ruchhoft, C C , Kallas, J G , Chinn, B , and Coulter, E W 1931 

Coli-aerogenes differentiation in water analysis II The biochemical 
differential tests and their interpretation J Bact , 22, 125-181 

(141) Sanborn, J R 1933 Development and control of microorgamsms in a 

pulp and paper null system J Bact , 26, 373-378 

(142) Sandholzee, L A 1936 Cultural characteristics of aerobic gram-nega- 

tive bacilli isolated from gemto-urinary infections J Bact , 31, 
39-40 

(143) Sandiford, B R 1935 The paracolon group of bactena J Path 

Bact , 41, 77-88 

(144) SchObl, 0 , AND Ramirez, J 1925 The fallacy of the test for lactose 

fermenters as an indication of faecal pollution of waters Philippine 
J Sci , 27, 317-324 

(145) Scott, W IV 1929 Blood stream infections in urologj J Urol , 21, 

527-566 

(146) Sherman, J M , and Wing, H U 1937 Attempts to repeal sex in bac- 

teria, with some light on fermentative variability in the coli-aerogenes 
group J Bact , 33, 315-321 

(147) SiEVERs, 0 1937 Variabilitat bei Bakterien der Coligruppe II Eine 

serologische PrOfung Zentr Bakt Parasitenk , I, Ong , 139, 176- 
179 



46 


LELAND W PAER 


(148) SmoNM,^^P 1917 A curious accident due to B pneuwanifle JBacl, 

(149) Skinner, C E , and Brudnot, H G 1932 The utihzation of citrates 

and the fermentation of cellobioae by strains of Bacienum colt isolated 
from human faeces J Hyg , 32, 529-534 

(150) Smith, T 1895 Notes on Bacillus coli commums and related forms, 

together with some suggestions concerning the bacteriological exam’ 
ination of dnnking-water Am J Med Sci , 110, 283-302 

(151) Smith, T , and Orcdtt, M L 1925 The bacteriology of the intestinal 

tract of young calves with special reference to the early diarrhea 
("scours”) J Evptl Med , 41, 89-106 

(152) Smith, T and Littde, R B 1927 Studies on pathogenic B colt from 

bovine sources I The pathogenic action of culture filtrates J 
Eiiptl Med , 48, 123-131 

(153) Smith, T 1927 Studies on pathogenic B colt from bovine sources III 

Normal and serologically induced resistance to B coh and its mutant 
J Esptl Med , 46, 141-154 

(154) Smith, T 1928 The relation of the capsular substance of B colt to anti 

body production J Exptl Med , 48, 351-361 

(155) Sntder, M L 1936 The bacterial flora of meconium specimens collected 

from sixty-four infants within four hours after delivery J Pediatrics, 
9, 624-632 

(156) Standard Methods of Milk Analysis 1934 6th Ed Am Pub Health 

Assoc and Assoc Official Agr Chem 

(157) Standard Methods of Water Analysis 1936 8th Ed Am Pub Health 

Assoc and Am Water Works Assoc 

(158) Standet, A R 1938 Physiologic and serologic studies of the soft-rot 

and colon group of bacteria Bulletin 287, Agr Expt Sta , W Vs 


Umv 

(159) Stewart, F H 1926 Mendelian variation in the paracolon muiaitle 

colon group and the appbcation of MeDdel's principles to the theory 
of acquired virulence J H[yg , 26, 237-255 

(160) Stewart, M J 1918 A study of the coliform orgamsms infecting the 

wounds of war J Hyg , 16, 291-316 

(161) Stuart, C A , Griffin, A M , and Bakes, M E 1938 Relationships 

of coliform organisms J Bact , 36, 391-410 r i f mi 

(162) Stuart, C A, Wheeler, K M, and Griffin, A M 1938 Ooliiorm 

organisms in certified milk J Bact , 36, 411-418 

(163) Thompson, R 1934 An orgamsm with a transverse capsule » 


28, 41-43 , r 

(164) Thjotta, T 1928 Septic infection due to Bacienum morponi 

Infectmus Diseases, 43, 349-352 studtesontheEichencho- 

(165) Tittsler,R P,andSandholzbr,I- A 1935 btumeso 

Aerobocter intermediates I Cultural characteristics JBect,^^, 


(166) TittsleBj 


rsLEB, R P 1938 The fermentation of acetyl-metbj ^ 
the Eschertchta-Aerobacler group and its significance 
J Bact , 36, 157-162 


Proskauer reaction 



COLIFORM BACTERIA 


47 


(167) Tittsleh, R P 1939 Chromogemc strains of Escherichia J Bact , 

87, 91-96 

(168) Tonney, F 0 , AND Noble, R E 1931 The relative persistence of 

Bact coll and Bact aerogenes in nature J Bact , 22, 433-446 

(169) Tonney, F O, and Noble, R E 1932 Colon-aerogenes types of bactena 

as criteria of fecal pollution J Am Water Works Assoc , 24, 1267- 
1280 

(170) Topley, W W C , AND Wilson, G S 1936 The principles of bacteriology 

and immunity, 2nd Ed William Wood & Co , Baltimore 

(171) Tracy, R L 1934 Spoilage of olives by colon bacilli J Bact , 28, 

249-263 

(172) Tregoning, j J , and Poe, C F 1937 Production of variants of the 

colon and aerogenes groups in different media I Sucrose medium 
J Bact , 34, 46ffA73 

(173) Van Loghem, J J 1919 Vanabilitat und Parasitismus Eine verglei- 

chende Untersuchung von Baktenen der Typhus-Coli-Gruppe Zentr 
Bakt Parasitenk , I Orig , 83, 401-409 

(174) Vaughn, R , and Levtne, M 1936 Hydrogen sulfide production as a 

differential test in the colon group J Bact , 32, 65-73 

(175) Vaughn, R , Mitchell, N , and Levine, M 1938 Effect of temperature 

and test reagents on the Voges-Proskauer and methyl red reactions 
J Bact , 36, 313-314 

(176) Vbldee, M V 1931 An epidenuological study of suspected water- 

borne gastroenteritis Am J Pub Health, 21, 1227-1235 

(177) Waaler, E 1931 Five cases of infection of the urinary tract due to a 

member of the group of bacilli named after Morgan J Bact , 22, 
261-273 

(178) Wallace, G I , Cahn, A R , and Thojias, L J 1933 Klebsiella para- 

lytica A new pathogemc bacterium from "Moose disease ” J 
Infectious Diseases, 63, 386-414 

(179) Weldin, j C 1917 The colon-typhoid groups of bactena and related 

forms Relationships and classification Iowa State Coll J Sci , 
2, 121-197 

(180) Werkiian, C H , AND Gillen, G F 1932 Bactena producing tn- 

methylene glycol J Bact , 23, 167-182 

(181) Wilson, C 1933 Obscure gastro-intestinal outbreaks ascribed to water 

supply J Am Water W^orks Assoc , 26, 1053-1065 

(182) Wilson, G S , Twigg, R S , Wright, R C , Hendry, C B , Cowell, 

M P , and Maier, I 1935 The bactenological grading of milk 
Med Research Council, Spec Rept Ser No 206, London 

(183) Wilson, W J 1908 Bactenological observations on colon bacilli in- 

fecting the urinary tract, vith special remarks on certain colon bacilli 
of the "anaerogenes” class J Hjg , 8, 543-552 

(184) Wilson, W J 1929 The colon group and similar bacteria A sj stem of 

Bacteriology, Med Research Council, London, 4, 254-337 

(185) Winslow, C -E A , and Walker, L T 1907 Note on the fermentatne 

reactions of the B coli group Science, 26, 797-799 



48 


LELAND -W. PARR 


(186) Winslow, C -E A , Kligleb, I J , and Rothberg, W 1919 Studies on 

the classification of the colon-typhoid group of bacteria with special 
reference to their fermentative reactions J Bact , 4, 429-503 

(187) Yale, M W 1933 The Eschertchta-Aerohacter group of bacteria in dairj 

products J Dairy Sci , 16, 481-494 

(188) Ziegler, N R 1937 Bacteriology of epidemic diarrhea Am J Pub 

Health, 27, 241-246 



QUANTITATIVE ABSOLUTE METHODS IN THE 
STUDY OF ANTIGEN-ANTIBODY REACTIONS 


MICHAEL HEIDELBERGER 

From the Department of Medicine, College of Physicians and Surgeons, Columbia 
University, and the Presbyterian Hospital, New York City 

Received for publication February 9, 1939 


CONTENTS 

Quantitative study of the S Ill-antibody system 52 

Precipitation in protein-antiprotem systems 60 

Specific bacterial agglutination 63 

Some consequences of the quantitative theory 64 

Molecular formulas for antigen-antibody compoimds 70 

Analysis of objections to the quantitative theory 75 

The toxin-antitoxin reaction 84 

The rfile of lipids 86 


The first comprehensive theones of antigen-antibody inter- 
action were due to Ehrhch and to Bordet The emphasis of 
Ehrhch’s theory was placed on the chemical reaction of antigen 
with antibody, while that of Bordet’s was laid on the adsorption 
of one by the other Bordet’s own modification of his theory 
and the formulation by Arrhemus and Madsen of the Ehrhch 
^^ew in terms of reversible reactions which could be expressed 
on a mass law basis still left a wide gap between the theones 
This gap was not bridged or accounted for by the commonly 
adopted use of coUoid chemical termmology In more recent 
years, however, adsorption has come to be regarded as a chermcal, 
rather than a physical process, so that the old distmction be- 
tween the Ehrhch and Bordet theones has become scarcely more 
than a pomt of view The demonstration by Proctor and Wilson 
and especially by Jacques Loeb that the laws of classical chem- 
istry could be apphed to the behavior of typical colloids such as 
proteins has given direction and force to subsequent studies m 
uniumerable fields of biological research, and m particular to 
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the studies on the mechanism of immune reactions on wbch 
most emphasis will be placed m this review 
At the time the Ehrhch and Bordet theories were formulated, 
and for many years afterward, httle was known of the chemical 
nature of either antigens or antibodies The fundamental 
researches of Landstemer (1), the discovery of the immunologi- 
cally specific polysaccharides by Avery and Heidelberger (2) 
and the ensumg work on artificial carbohydrate-protem antigens 
by Avery and Goebel (3), and many other studies which have 
been reviewed elsewhere (1, 4, 5, 6, 7) have led to a better imder- 
standmg of the relation of chemical structure to antigemc func- 
tion As to antibodies, it is generally conceded that these are 
actually modified serum globulins and a considerable body of 
information as to their properties is already available (4-7) A 
modern theory of antigen-antibody mteraction will therefore 
not only rest on a more secure imderstandmg of the nature of the 
substances involved, but must also account satisfactorily, and 
in the last analysis quantitatively, for a very large accumulation 


of knowledge 

A cause of early mterpretative difficulties m the study of an- 
tigen-antibody mteractions, promptly recogmzed by Ehrhch and 
Morgenroth (8), was the common use of whole sera or other 
multiple component protem mixtures as "antigen ” A few 
mvestigators, however, did not encounter these difficulties, and 
drew conclusions of far reachmg importance Owing doubtless 
to the preponderance of casern m milk the antisera obtamed by 
Muller on mjection of milk mto rabbits (9) seem now to have 
behaved hke antisera to a smgle antigen, and yielded a precipifm 
reaction zone m which neither antigen nor antibody could e 
detected m the supernatant An eight- to ten-fold range o 
combimng proportions was noted and evidence given o an ac ua 
soluble antigen-antibody compound m the non-preapita mg 
region of a large excess of milk Similarly, a four-fold zone ot 
combmmg proportions m which neither compon^t cou 
detected m the supernatant was observed by von ^ J 

m studies on the precipitm reaction m rabbit antisera P ^ 
crab, and mollusc plasmas By the demonstration of hem 
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cyamn m the specific precipitate by the blue color and its re- 
versible disappearance and reappearance with carbon dioxide 
and air, von Dungern was the first to show the value of the 
“marked antigens” which later were to figure so prominently m 
the study of the precipitm reaction He also emphasized the 
presence of several distmct antibodies in the sera studied and 
commented on them m terms of the reactive groupmgs mvolved 
Although the broad range of combining proportions m antigen- 
antibody reactions had already been stressed by Danysz m 
explanation of the effect which he discovered m toxm-antitoxm 
mteraction (11) and was later cited by Fleischmann and hlichaehs 
m pomtmg out the fallacy of precipitm measurements by volume 
(12), these fundamental observations were neglected by Arrhemus 
and Madsen (13) m their comparison of antigen-antibody reac- 
tions with the umon of weak acids and weak bases 
Until recently the only analytical methods available for the 
study of antigen-antibody mteractions were either those based 
upon biological effects, with their large variation m mdividual 
anunals, or the purely relative serological dilution methods, 
■which, owmg to their large capacities for subjective and other 
errors, have remamed to this day essentially quahtative m spite 
of cumbersome precautions Important steps toward the solu- 
tion of analytical chemical difficulties m the study of the precipi- 
tm reaction were taken by Wu and his collaborators (14) The 
hemoglobm (Hb)-antibody and lodo-ovalbumm-antibody sys- 
tems were studied In the former, Hb, another “marked an- 
tigen,” could be determmed colonmetrically m the washed spe- 
cific precipitate Total mtrogen was also estimated by the 
Fohn-Wu modification of the micro-Kjeldahl method, the two 
analyses affordmg a means of analyzmg for both antigen and 
antibody m the precipitate Although two analytical prmciples 
upon which later progress was made were thus laid down, the 
conclusions dravTi from these obviously only tentative experi- 
ments were at variance with earher and later well-founded ob- 
servations and Wu unfortunately published nothmg further 
along these hnes 
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QUANTITATIVE STUDY OF THE 8 III-ANTIBODY SYSTEM 

In the meantime the wnter had begun a study of the precipitin 
reaction and had found a modification of the Pregl micro-K;el- 
dahl mtrogen method both convement and accurate The study 
was then contmued over a number of years, largely in collabora- 
tion with F E Kendall The analytical difficulties vere in 
part overcome by the use as “antigen” of the specific polysac- 
charide of Type III pneumococcus, the salt of a nitrogen-free 
polyaldobiomc acid (15) which had been obtamed in a state 
approachmg analytical purity ‘ The analytical problem was 
further simplified by the use of partly purified antibody in the 
form of solutions prepared accordmg to Felton (17) from Type 
III antipneumococcus horse serum After "agemg” or stabihza 
tion, roughly one-half of the mtrogen m these solutions was found 
to be specifically precipitable by S III Smce the polysaccharide 
added m varymg proportions contained no mtrogen, the differ- 
ence between the origmal N content of the solution and that 
remaimng after centrifugation of the precipitate gave an accurate 
measure of the precipitated antibody m absolute weight units 
instead of m the relative terms then customary (18) "RTien it 
was found that identical results were obtamed by direct analysis 
of the washed specific precipitate and that the amount of anti- 
body-N precipitated was mdependent of the non-specific N or 
protem present (19-22) the more cumbersome measurements by 
difiference were abandoned 

It was found that when a very small amount of S III was adde 
to a relatively large amount of antibody, A, more than 240 
of A imght be precipitated for each imlhgram of S III v\men 
mcreasmg amounts of S were added to separate portions o 
the ratio of S to A m the precipitate mcreased steadily, witfi no 
evidence of discontmmty In this region of the reaction range 
no S could be found m the supernatant by the dehcate sero ogi 
test sensitive to S m dilutions of 1 10,000,000, so that i seem 


» Subsequently referred to as S III or S All but preparstions 

described in a later section were earned g need only the nu 

now known to have been degraded by heat (16) This 
mencal values obtained, not the conclusions based on the data 
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reasonable to assume that all of the S added was m the precipitate 
In this region antibody was still m excess, as was shown by the 
addition of a httle S to the supernatant When still larger quan- 
tities of S were added to the same amount of A a region of the 
reaction range followed m which neither S nor A, or only a 
minimal amount of each, was demonstrable m the supernatant 
from the precipitate We have termed this region, often of 
considerable extent, the “equivalence zone ” With stdl larger 
amounts of S, the latter fina lly appeared m the supernatant, and 
m this region precipitation of antibody remamed at a maximum 
while more and more of the S added entered mto combmation 
until m some sera constant composition was attamed Fmally, 
excessive amounts of S III caused the formation of less and less 
precipitate m an “ inhi bition zone,” until precipitation was en- 
tirely prevented The reaction course, except for the inhibition 
zone, IS illustrated by the curves in figure 1 ^ It had previously 
been found (21) that such reaction curves, up to the equiva- 
lence zone, could be expressed by the empmcal equation 

mgm antibody N precipitated = a S — b [1] 

These reactions were found to be reversible m the sense that 
the precipitate formed m the region of excess antibody took up S 
when shaken with a solution of the polysacchande and even 
dissolved m concentrated S solutions The reversible shift m 
composition of the hemocyamn precipitate m either direction 
With antigen or antibody had been shown long before by von 
I^ungern (10) It therefore seemed reasonable to postulate the 
followmg equihbna m the four Imutmg regions of the reaction 
range at extreme antibody excess, S -|- 4A SA ^, at the mid- 
Pomt of the equivalence zone, S + A SA, in the antigen excess 
region, SA + (x - 2)S Sx-iA , and m the inhibition zone, 
^x-iA + S SiA The underlined formulas represent precipi- 
tates, and m all formulas the composition is expressed m arbi- 

* This figure was also used in an article on ’'Chemical Aspects of the Precipitin 
and Agglutinin Reactions” read before the American Chemical Societj-’s Sj-m- 
poHium on the Phjsical Chenustrj of Proteins at the Milwaukee Meeting, Sept , 
193S, Chenucal Reviews, 1939, 24, 323 
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trary units not molecules In the first two equations equilib 
noTbrS 't T n ^ measurable dissociation could 

molecule of S than the precipitate with which it was m apparent 
equilibrium (18), coining the behef of Muller (9), von Dungern 
(10), and Arrhemus (13) m a soluble antigen-antibody compound 



Fig 1 ® Curves Antibody N precipitated from antipneumococcus iff 
horse serum by increasing amounts of S III Lines Ratios of antibody r* o 
in precipitates, over range indicated by crosses 

in this zone, rather than the obscure “peptization” of the l^e- 
cipitate which had been proposed by advocates of the colloida 
theory despite Muller’s direct cheimcal evidence to the contrarj 
Smce S III IS the highly lomzed salt of a polymenc aldobionic 
acid (15), and antibody globulm, dissolved m physiologca 
media, probably exists as an ionized sodium cblonde comp ex, 
the imtial reactions, at least, may be lomc The app ca ion 
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the mass law m some form would seem justified The precipitm 
reaction between S III and homologous antibodies would then 
be merely a complex instance of a specific precipitation such as 
that between barium and sulfate ions or silver and cyamde ions 
Even the inhibition zone would have at least a partial analogy 
m the well-known solubihty of silver cyamde m excess cyamde 
solution 

In quahtative terms this mterpretation of the precipitm reac- 
tion appears satisfactory, but difficulties arise m the quantitative 
formulation of the reaction m terms of the law of mass action 
It rmght, for example, be expected that there would be defimte 
steps or stages between the limit of SA 4 m the region of large 
antibody excess and SA m the eqmvalence zone, also m the m- 
hibition zone, but such abrupt changes m composition are not 
found This might be explamed by assuming a contmuous 
senes of sohd solutions, or that the mutual multivalence of S 
and A IS so great as to permit formation of a contmuous senes 
of compounds There are, however, vahd objections to these 
views m spite of the weU-founded structural (15) and other 
evidence (24) that S III contains a number of recurrent im- 
munologically reactive groupmgs or valences, and the present- 
day views as to the structure of protems (25), which are m en- 
tire accord with the assumption of recurrent groups of ammo 
acids which might be “valences” or the centers of specific com- 
bmation The prmcipal difficulty m the formulation of the 
reaction along these hues hes m the findin g that the composition 
of the precipitate depends upon the proportions m which the 
components are mixed, and not upon the antibody concentration 
at equihbnum, or at the end of the reaction (23) This remark- 
able state of affairs, illustrated m table 1 , does more than prevent 
a simple treatment of the precipitm reaction accordmg to the 
law of mass action, for it also prevents characterization of this 
and other immune reactions by adsorption isotherms, as has been 
attempted from tune to tune, for adsorption isotherms also con- 
tam a concentration term 

Another difficulty m the quantitative formulation of the reac- 
tion was due to the reahzation that the anticarbohydrate in 
Tjqie III antipneumococcus horse sera was not a smgle substance, 
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but a mixture of antibodies of greatly differmg reactivities This 
was clearly shown (23) by the presence of residual, difScuItlj 
precipitable antibody after the serial addition of small quantities 
of S III, the occurrence of a portion of antibody precipitable at 
0 but not at 37°, and the precipitabihty of only a part of the anti 
body by S III which had been methylated 

TABLE 1* 


Effect of volume and final conceniratton of antibody on antibody E precipUaitd 


VOLUME 

AKTIBODT B 62 AT 0 C 

ANTIBODT B 61 AT 37*C 

Antibody N pptd 
by 0 03 mgm S III 

Final concentration 
antibody K 

Antibody N pptd 
byOOSxDsto Sm 

Final concenlratioQ 
antibody N 

ml 

mom 

mgm per ml 

tnpm 

fJijm per ml 

2 

0 87 

0 21 



4 

0 91 

0 10 

0 87 

0 25 

6 

0 87 

0 07 



8 

0 84 

0 06 

0 87 

0 12 

10 

0 84 

0 05 



12 

0 87 

0 04 

0 85 

0 08 


• Adapted from J Exp Med , 1935, 61, 563 


QUANTITATIVE FORMULATION OP THE S III-ANTIBODT SYSTEM 

With the aid of several assumptions, however, it was found 
possible to derive from the law of mass action a relation which 
accounts quantitatively for the S Ill-antibody reaction (23) 
and many other mstances of the precipitm reaction as well 
These assumptions and simplifications are 

1 S III and antibody (A) are chemically and immunologicalJy 
multivalent with respect to each other, that is, each substance 
possesses two or more groupmgs capable of reactmg wit e 

other ^ 

2 Although the anticarbohydrate is known to be a ur 
antibodies of different reactivities it may be treated mathema - 
caUy as if its average behavior were that of a smgle su s 

3 For convemence of calculation the S Ill-antibo y ^ , 

is considered as a series of successive bimolecular reac 10 

take place before precipitation occurs 
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4 The mass law apphes, so that the rates of formation of the 
reaction products are proportional to the concentrations of the 
reactmg substances 

The reactions postulated are, m arbitrary umts 

S + A SA [2] 

followed, for example m the region of excess antibody, by the 
competmg bimolecular reactions due to the mutual multivalence 
of the components 

SA + A ^ SA A , , 

SA + SA ^ SA SA ^ ^ 

A third step would follow, m which the competmg bimolecular 
reactions would be 

SA A + A ^ SA A A 

SA SA -b A ^:± SA SA A, 

SA A + SA A SAA SAA, [4] 

SA A + SA SA ^ SAA SA SA, and 
SA SA + SA SA SASA SASA 

in which the first two reactions would occur only m the presence 
of enough A to carry the composition of the reaction product 
beyond the SAj stage Similarly, each compound formed m the 
thud step would react with each other compound, or with more A, 
if present, to form still more complex substances, and the reaction 
would continue until particles would be formed large enough 
to settle from the solution Precipitation would take place at 
this pomt, doubtless facihtated by the mutual discharge, with 
loss of affimty for water, of ionized or polar groupmgs brought 
together by the senes of chemical reactions (cf also 4) 

If A and S III are mixed m eqm\alent proportions the SA 
formed m reaction [2] would merely polymerize m steps [3], [4] 
j and the eqmvalence-pomt precipitate would be (SA)n 
In the region of excess S III similar expressions would applj*, 
in which S and A would be mterchanged m [3], [4], In the 

presence of a large excess of S, m the inhibition zone, there would 
also be present m solution a soluble compound, SxA, containmg 
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one more molecule of S m combmation than the last insoluble 
compound (18) Smce this is formed only Tsoth a veiy lares 
excess of S, all of the specific groupmgs of A would tend to react 
with S rather than with SA complexes and there would be no 
large, insoluble mtermolecular aggregates formed 
The final precipitate, then, would m each case consist of anti 
body molecules held together m three dimensions by S III 
molecules. 


A SA S 
S A SA SA 
A A SA 
A 


or 


AA AA 

S A S A 

AA AA 
S 


a view similar to that put forward also by Marrack (4) but, it is 
beheved, more defimte and more easily treated quantitatnelj 
The process of aggregation as well as the imtial hapten-antibodr 
combmation is considered to be a chemical reaction between 
definite molecular groupmgs 

Smce no evidence of dissociation could be found oier a large 
part of the reaction range, the equihbna postulated endentij 
he very far to the nght The mathematical treatment of these 
reactions has been given elsewhere (23) In applying the demed 
equations to experimental data it is necessary to comert units 
of S and A mto milhgrams This is accomplished by deSnisg 
one unit of antibody N as 1 milhgram A may then be put equal 
to the number of milhgrams of antibody N precipitated ^ ® 
eqmvalence pomt (midpomt of the eqmvalence zone) and 
equal to the ratio of A to milhgrams of S HI precipitated (added; 
at the same reference pomt The equation most frequen } 
apphcable then becomes 


mgm 


of antibody N precipitated — 2RS 


A 


[51 


The theoretical significance of a and b m the empincal equati 
[1] IB nw clear, for a - 2R and b - f Both of ftese coarWIr 
have the immunological and chemical significance given abn 
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If, instead of the difficultly deteramiable “equivalence pomt” 
the reference pomt for II and A be taken as either end of the 
eqmvalence zone, dependmg on the precipitm system studied, 
it mil usually be found possible to avoid the comphcated R — 3R 
equations also given m (23) and use only the simpler R — 2R 
equation [5] Table IX m (23) shows the agreement between 
foimd and calculated values to be very close for a number of anti- 
body solutions and sera In the use of equation [5] it is assumed 
that all of the antibody is precipitated at the reference pomt 
If this IS at the be ginnin g of the eqmvalence zone, as m the 
S III - A system, the assumption is not entirely correct, for the 
amount of A precipitated does not reach a maximum experimen- 
tally until S IS present m appreciable excess For the complete 
descnption of the behavior of a serum m the precipitm reaction a 
separate determmation of the maximum amount of specifically 
precipitable mtrogen is necessary 
If both sides of equation [5] be divided by S, the resultmg 
equation. 


mgm antibody N precipitated _ 2R — S 
mgm S precipitated A 


[ 6 ] 


is that of a straight hne This hnear relationship makes it pos- 
sible to characterize an unknown Type III antipneumococcus 
serum or antibody solution m the region of excess antibody by two 
or, better, three analyses, m duphcate If the ratio of antibody 
N to S III precipitated be determmed for two or three different 
amounts of S III m the region of excess antibody and a straight 
hue be drawn through the pomts so obtamed, the mtercept on the 

y axis = 2R and the slope = — — With the R and A values at 

A 

begmmng of the equivalence zone calculated m this way the 
amount of antibody mtrogen precipitated by any quantity of 


S III less than A may be calculated with a fair degree of accuracy 
R 

(For the Imear relation, also, see Fig 1 ) 

In the region of excess S III the behanor of a serum as far as 
the begmmng of the inhibition zone may be characterized by the 
determmation of the A and S III precipitated at two pomts. 
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Since m this region the terms of equation [6] 
the linear relation 


may be mverted and 


^ _ (R0°A 

A Total S 

apphes if R' be taken as the | ratio at the end of the equivalence 
zone at which S III appears m excess, » A be taken as the amount 
of antibody N precipitated, and - be plotted against 
1 

Total S 

In the inhibition zone, in which large quantities of S III are 
present and the amount of precipitate has begun to diminisli, 
this equation is no longer apphcable and it is necessary to deter- 
mine the apparent dissociation constant of the soluble compound 
S,A (cf also (26)) 

Despite the wide variation m the behavior of mdividua! sera 
the above expressions permit the complete descnption of the 
precipitm reaction between S III and an unknown antiserum 
without an unduly burdensome number of microanalyses or tbe 
sacrifice of a large amount of material 
In all of the experiments descnbed above horse sera or anti- 
body solutions obtamed from horse sera were used, but equations 
of the same form, with constants of smaller magmtude, were 
found to hold as well for antipneumococcus Type III sera pro- 
duced m rabbits (27) 


PRECIPITATION IN PKOTEIN-ANTIPROTEIN ST6TEMS 


Extension of these studies to protem-antiprotem systems was 
more comphcated, smce it was necessary to distmguish between 
antigen mtrogen and antibody mtrogen if the composition o e 


> In (23) p 590, “total S" in this equation was taken as the 
of S combined with A precipitated at this reference point, wMe 
was made to vary by defining it as that portion of the coasts ^ ^ 

body precipitated throughout this sone given by the fraction g 

to space limitations this explanation was unfortunately omitted 
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precipitate was to be directly deter min ed This was accom- 
plished by the use of a red protem dye, R-salt-azo-biphenyl-azo- 
crystalhne egg albumin, which was freed from fractions reactive 
m most anti-egg albumm sera and then mjected mto rabbits 
(26, 28, 29) In the specific precipitates produced by the dye 
and antibody, antigen was estimated colorimetricaUy after 
solution of the washed precipitate m alkah The entire solution 
was then rmsed quantitatively mto a micro-Kjeldahl flask for a 
total mtrogen determmation, after which the amount of antibody 
mtrogen could be calculated by deductmg from the total N the 
amount of dye-antigen N found colorimetricaUy Equations 
[5] and [6] were apphcable m this system as well, also an empirical 
equation, 


mgm antibody N pptd = 3RD — 2 


A 


[7] 


in which R =; the A D ratio at the maximum for antibody N 
precipitated, D = the amount of dye N precipitated, and A = 
the maximum precipitable antibody N T^ equation per- 
mitted calculation of the maximum specifically precipitable 
mtrogen with avoidance of a separate set of analyses for the 
determmation of this constant In this system the composition 
of the precipitate could be estimated by direct analysis over the 
entire reaction range, and the ratios of the components were 
found to vary without discontmmty from higher to lower A 
dye values as relatively larger amounts of dye were added to the 
antisera This was also shown by the mcreasmg redness of the 
precipitates Azoprotem-antibody systems were also studied by 
Marrack and Simth (20b) and by Haurowitz and Breml (30) 
Both groups confirmed the varymg composition of the pre- 
cipitate, the latter workers havmg previously reached similar 
conclusions regardmg hemoglobm-antibody precipitates (31) 
With the aid of the mformation gamed from the precipitm 
reaction between R-salt-azo-biphenyl-azo-crj^stalhne egg albumm 
and its homologous antibody it was found possible to studj' a 
colorless protem, crystallme egg albumm, and its homologous 
antibodies This mstance of the precipitm reaction was also 
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found to be quantitatively descnbed over a large part of the re- 
action range by the theory, and the equations ivere applied to 
unorganized analytical data accumulated by other workers (32) 
The crystallme horse serum albumm (33) and mammahan thyro- 
globulm systems also behaved m accordance with the theorj' 
(34) The precipitm reactions of antipneumococcus sera other 
than Type III were hkewise found to be descnbed by the same 
equations derived from the theory (27, 35), and these relations 
were also found by Pennell and Huddleson (36) to cover the 
reactions of anti-Bruceffa goat sera with the appropnate antigens 
With hog thyroglobuhn and antisera produced in rabbits 
(34) it was possible to test directly an assumption made mth 
S III, crystaUme egg albumm, and crystalline serum albumin 
It had been postulated that m the region of excess antibody and 
m the eqmvalence zone all of the presumably pure hapten or 
antigen added was precipitated if the exceedmgly sensitive pre- 
cipitm test on addition of more antibody to a portion of the super- 


natant failed to reveal the presence of antigen This assumption 
had been cnticized by Taylor, Adair, and Adam m the course of 
their studies on the egg albumm system (37) A direct test with 
egg albumm did not seem easy to devise, but with highly purified 
thyroglobuhn (38) it was found that 96 to 101 per cent of the 
lodme added was precipitated m the region of excess antibodj 
These observations and the quantitative data recorded (34) also 
render untenable the view subsequently advanced by Glutton, 
Harmgton, and YuiU (39) that thyroglobuhn is not an antigen 
The quantitative precipitm techmque affords an exceedingly 
accurate method for the estimation of mmute quantities “ 
cific polysacchandes (21) and of small quantities of protems ( ) 
Determmation of the amount of specific mtrogen precipi a 
in the region of antibody excess from a previously ca i ra e 
antiserum permits the quantity of antigen m the ® 
read off from the specific mtrogen (antigen N + j 

calibration curve The amount of mtrogen 
usually many times that due to the antigen, ® 
quantities of antigen may be accurately ® (j^jobu- 
Lthod has been applied to the estimation of albumm and gioo 
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Im ID body fluids by Goettscb and Kendall (39A), and has 
been used as a guide for the isolation and identification of pro- 
tein fractions from normal and pathological human sera by 
Kendall (39B) 


SPECIFIC BACTEHIAIi AGGLUTINATION 

At the mception of the present work there was available for the 
study of the mechanism of bacterial agglutmation no quantitative 
method conforming to the criteria of analytical chemistry It 
was found that the rmcroanalytical technique used m the case 
of the precipitm reaction could be modified so as to permit the 
estimation of agglut inins for pneumococcus with a high degree of 
accuracy A measured amoimt of thoroughly washed, kiUed 
pneumococcus M (S) (40-2) or S (R) (43) suspension was an- 
alyzed for mtrogen This value was deducted from the mtrogen 
found after the same volume of cell suspension had been aggluti- 
nated by an accurately measured volume of serum and washed free 
from non-specific protem The difference gave, m milhgrams 
per miUihter, the amount of agglut inin mtrogen removed by the 
bacterial cells under the conditions used, and, when the propor- 
tions of pneumococci and serum were chosen so as to leave the 
cells m excess, gave the agglutimn content of the serum m abso- 
lute, not relative, terms As m the precipitm reaction, the 
amount of agglut inin found was shown to be mdependent of the 
non-specific protem present, and to depend on the relative pro- 
portions m which the components were mixed and not on the 
final concentration of antibody Though Type I pneumococcus 
and homologous antibody reacted accordmg to the same type of 
aquation as m the precipitm reaction, the agglutinm reaction was 
actually found to be simpler, smce the exigencies imposed by the 
raactive bacterial surfaces limited the range of combmmg pro- 
portions of bacterial polysaccharide and antibody (42) As 
^Sht have been anticipated from the view that specific bactenal 
agglutmation differs from specific precipitation only m that the 
former reaction takes place on particulate matter, the latter 
between two dissolved reagents (44), tjqie-specific pneumococcal 
anticarbohydrate was foimd to be quantitatn ely the same 
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whether measured as agglutmm or as precipitin It was aho 
found that the entire course of these instances of specific bactenal 
agglutination could be accounted for, as m the precipitin reaction, 
on the basis of a chemical reaction between multivalent antibod} 
and multivalent antigen, without assumptions as to electncal 
potential or cohesive force such as those made by Northrop and 
de Kruif (45) 

The quantitative methods mtroduced were found apphcabk 
m several instances of cross reactions as well, and yielded data 
showing the wide variations m the reaction course when compared 
with the correspondmg homologous reactions (29, 36) The croso 
reactions between Types III and VIII pneumococci, their type 
specifi,c polysacchandes, and Types VIII and III antipneumococ 
cus sera were shown to involve a relatively small proportion of the 
total antibody, especially m sera produced m the rabbit (46) 
This was taken to mdicate that the immunological (chemical) 
umt responsible for the specificity of each of the two polysac- 
charides mvolved was larger than the simple glucuromc acid or 
aldobiomc acid portion common to both, as had been maintained 
up to that time (47), and this view has now been accepted (48) 


SOME CONSEQUENCES OF THE QUANTITATIVE THEORY 

The quantitative theory of the precipitm and agglutinin re 
actions discussed above was proposed by its authors, in avonc 
reahzation of many of its weaknesses, as a makeshift and a firet 
attempt at a general quantitative theory of two important un 
mune reactions On this basis it has not only explained muc 
that IS not accounted for by the older, essentially qua ta ne 
theories, but has also served as a workmg hypothesis t a ^ 
mitted several rather far-reaching predictions which mign 

otherwise have been foreseen 
In the first place the method for the estimation of the ma 
specifically precipitable mtrogen, the absolute ^ 1 

preeprtm content of a eerum, was the 
oversimplification m which direct apphtafion o - 

attempted (18) The earher oversimphScalion 4d not ^ 
(ef 20, 23), but the method based upon it is a stao 
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In the second place, a study of the effect of strong salt-s on the 
reaction between pneumococcal polysaccharide and homologous 
antibodies (49) showed that the lessened precipitation and de- 
crease (table 2) m the values of both constants m Equation [5] 
was not due to mcreased solubihty of the precipitate On the 
basis of the quantitative theory (23) a reversible shift m the 
equihbnum between polysaccharide and antibody was mdicated, 

TABLE 2 


Effect of the concentration of sodium chloride upon the reaction between S III 

and antibody 


n^AL NaCl 
COhCEKTRA- 

HOEBE AKTTBODT B0J.IJT10\ B 36 

BABBIT ANTIBODT 

BOLUnON B 60* 


OIM 

0 15M ' 

ostu 

0 93M 

179M 

0 15M 

0 03-0 9S M 

S Uliaaed 

Nitrogen precipitated 

mg 

mg 

1 ^ 1 

1 

mg 

mg 

1 mo 

mg 

mg 

0 02 

0 54 

0 50 

0 42 

0 39 

■la 



0 05 

1 13 

1 03 

0 90 

0 84 


0 43 

0 24 

0 075 

1 41 

1 41 

1 29 

1 15 

1 03 

0 60 


0 10 

1 75 

1 66 

1 54 

1 28 

1 22 

0 77 

0 34 

0 15 

1 78 

1 86 

1 62 

1 50 

1 45 

1 04 

■m 

0 20t 

1 82 

1 85 

1 70 

1 58 

1 51 

1 18 

^9 

Equations, 








mgm 





1 



antibody 

Npptd 

HB 

25 S- 

22 2S- 

20 2S- 

18 IS- 

9 5S- 


1 > 

1 


84 S’ 

72 S’ 

68 S’ 

57 S’ 

18 S’ 


HB 

1 86 

1 71 


1 44 

1 25 



* Prepared according to Felton, J Immunol , 1931, 21, 357 
t Excess S III 

t Calculated mgm antibody N pptd at antibodj -excess end of eqiuxalence 
(Reprinted from J Exp Med , 1936, 63, 819 ) 

and it xvas predicted that this shift would permit the isolation of 
pure antibody For example, 0 1 mgm of S III precipitated 
^ 24 mgm of antibody N from a given serum m physiological 
sahne (0 15 ilf NaCl), but formed an insoluble compound with 
onlj 1 01 mgm of antibodj- N m 1 75 M NaCl On the assump- 
tion that the equihbna mvolved were reversible, it was considered 
possible that if the reaction were first earned out m 0 15 
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non-specific protein were then washed out, and 17o 
NaCl were next added, 0 23 mgm of N should be dissociated 
m the form of pure antibody (49) ActuaUy, antibody solutions 
of 90 to 98 per cent purity 


specifi c precipitin N -1- agglutinin N 
~ Total N 

were readily attainable m this way m a single step from manj 
unrefined antipneumococcus horse and rabbit sera of various 
types (50) With improvements m technique analytically pure 
antibody globulm was isolated (51, 52) through the use of the 
method Studies on the purified antibodies led to the discover) 
that pneumococcal anticarbohydrate produced m the horse had 
a high molecular weight, while the same antibody (also anti-cgg 
albumm) produced m the rabbit was of the size of the prmcipal 
component of normal globulin This phase of the work, which has 
been reviewed elsewhere (7), and accompanying quantitative 
studies (27) furnished much of the theoretical background (cf 
also (53)) and practical methods of control for the use of anti 
pneumococcus rabbit sera (53) and antibodies (54) in the treat- 
ment of pneumoma 

Verification of another prediction, made from the quantitative 
agglutimn theory, puts the function of salts m this immune re- 
action on a basis diflferent from the currently held view The 
reversibihty of the precipitm reaction, m the sense that a pre- 
cipitate may be shifted from one region of the reaction range to 
another by addition of antigen or antibody, warranted the as 
sumption of a similar reversibihty for the closely related agglu nun 
reaction For example. Type I pneumococci may be ^ 

with a large excess of antibody, and the excess of antibo y 
removed by thorough washmg and the agglutmated pneumococ 
resuspended evenly m salme According to the theory, e p 
diction may be made that addition of an appropnate amo 
Type I pneumococci or of Type I specific polysacchande 
reagglutmation mto larger clumps This ® on 

about through the chemical linkage of , g j 

the agglutmated, washed cells either with multivalent S I on i 
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freshly added pneumococci, or with dissolved S I if a solution of 
the polysaccharide were added instead It may also be pre- 
dicted that if Type II pneumococci or Type II polysaccharide be 
added to a similar suspension of agglutmated, washed, Type I 
cells, reagglutmation mto larger clumps will not occur, although 
salt concentration, electrical potential, and cohesive force (45) 
would be identical, or nearly so, m the two sets of experiments 
It may also be predicted that addition of Type I pneumococci 
after the Type II cells added m the precedmg instance will result 
in reagglutmation, leavmg a turbid supernatant containing most 
of the Type II cells All of these predictions are fuUy verified 
when subjected to experimental test (42), and the verification is 
interpreted m the hght of the above theory as follows 

Specific bactenal agglutmation is not a mere combmation or 
coating of bactenal surface antigen with dissolved antibody, 
followed by non-specific flocculation due to the presence of salts, 
but appears more reasonably to be a more dynanuc process the 
chemical combmation of multivalent antigen on the reactive 
bactenal surfaces with multivalent antibody, ongmally m solu- 
tion, to build up larger and larger aggregates until these flock out 
and the process is tenmnated The function of salts m this 
process is then the purely secondary one of mimrmzmg electro- 
static effects due to the presence of many lomzed groupmgs on 
the particles, effects which might mterfere with the pnmary 
process of buildmg up aggregates by chemical mteraction At 
least m the case of the water-insoluble antibody to pneumococcus 
produced m the horse, salts also provide ions for the soluble, 
lomzed salt complexes m which form this antibody probably 
reacts 

Even though the imtial bimolecular antigen-antibody reaction 
ou the bactenal surface may take place m the absence of elec- 
trolyte, the reactants carry lomzed groups and it is e^^dent that 
the succeedmg competmg bimolecular mteractions between 
polysaccharide molecules on partly sensitized cells and additional 
antibody m solution or on other cells would soon result m the 
formation of particles carrjnng large numbers of ionized groups 
Coulomb forces on such particles, m the absence of electrohde, 
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are ^own to cause abnormally great viscosities and Dorman 
effects, so that it would not be surprising if these forces would 
prevent the contmuation of the chemical reactions resulting in 
the completion of what is commonly recogmzed as specific 
bacterial agglutmation Only when the effect of these forces b 
reduced by a sufficient lomc atmosphere, on addition of electro- 
lyte, is it possible to obtain significant figures for iTscosit}, os- 
motic pressure, sedimentation constants, and the like To ascnbe 
a similar role to electrolytes m specific bacterial agglutmation 
would seem reasonable and consistent, for after reduction of the 
Coulomb forces the growing particles could again mteract chem 
ically, and the process of agglutination be completed An 
analogous explanation of the function of salts in the reaction 
between heterogenetic antigen and antibody had already been 
given by Brumus (55) but this was not known until after pub- 
lication of (42) 

It will be noted that the effect ascribed to salts is essentiallj 
the same as m the older hypothesis However, recognition of this 
effect as dependent upon the building up of aggregates between 
multivalent antigen and multivalent antibody sunplifies the 
problem, abolishes the uncertamties and mconsistencies of the 
older view, and permits the precise definition of the condition-- 
for specific bacterial agglutmation "Whether or not a given anti- 
gen-antibody mixture will agglutmate, and which components, 
if any, will not be carried down when the (specific) aggregation 
takes place may now be predicted on the basis of the theorj 
Moreover, the prediction may be made even though the potently 
and cohesive forces m agglutmatmg and non-agglutmafmg s}- 


terns are essentially similar , 

In the above reagglutmation experiments it may be consi ere 
that m the imtial agglutmation of relatively few ^neumomc^^ 
with relatively much antibody the dynanuc process o ““ 
tion of multivalent bactenal antigen with multiialen an i 
has been mtemipted at an early stage In accord m 
the small size of the clumps formed and the ease wi 
agglutmated cells may be resuspended, J igc 

reactions earned out with an excess of antibo y 
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precipitate may be relatively easily homogenized and resus- 
pended In the experiments under discussion the dynamic ag- 
glutmation process was then contmued under controlled condi- 
tions It was found that resumption of agglutmation of the 
Type I pneumococci could occur only when the chemical reaction 
of multivalent S I with multivalent antibody could go to com- 
pletion, and that mtroduction of a chemically unrelated antigen 
such as Type II pneumococci or S II produced no effect, even 
though the potential had been smtably lowered by the presence 
of salt These experiments are m entire agreement with the 

TABLE 3* 


Molecular composition of specific precipitates from rabbit antisera 


AKnOEK 

EMPIRICAL COMPOSITION OP SPEdPIC PRECIPITATX | 

couposmoN 

OF SOLUBLE 
COMPDB. IV 

iNHismov 

ZONE 

At extreme 
antibody 
excess 

At antibody 
excess end of 
equivalence 
zone 

At antigen 
excess end of 
equivalence 
zone 

In inhibition tone 

Ea 

EaA, 

EaAi 

SejAs 

-♦EaA,-^ 

(EaA) 

DEa 

(DEaA,) 

(DEaAs) 

DEa, A, 

— ♦ DEeiAj 

EEesA ? 

Sa 

SeAb 

SaAi 

SaA, 

— ♦SaAj— ♦ 

(SaA) 

Tg 

TgA«o 

TgAx« 

TgAio 

-»TgA,-^ 

(TgA) 

S III 

SA 

SjAj 

S,A 

-♦SiA 

SiA 


Ea = cryst egg albumin (32) , DEa = dye egg albumin (26) , Sa = cryst, 
serum albumin (33) , Tg = thyroglobulm (34) , S III = pneumococcus, Type III 
specific polysaccharide (27) 

A = Antibody, S = Minimum polysaccharide chain weight reacting Data 
m parentheses are somewhat uncertain 

* Reprinted from the Journal of the American Chemical Society, 1938, 60, 242 

conception of specific bacterial agglutmation given above and 
also support Topley, Wilson, and Duncan’s experiments (56) 
leading to the same conclusions 

If these conclusions are vahd it is possible that the so often 
cited analogies between specific immune aggregation and the 
^Sgregation of suspensions m general have been misleadmg m 
their emphasis on a supposedly non-specific phase m the process 
It is possible, also, that the knowledge gamed m the quantitatn e 
chemical study of these immune reactions will be of servnce in 
clarifjTiig the beha\’ior of other sj^stems of colloidal suspensions. 
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m which the chenucal reactions involved m aggregation are far 
less well defined and understood If the tables were turned in 
this way it would not be without its elements of humor 
Another outcome of these quantitative and theoretical studies 
has been the possibihty of calculatmg, for the first time, the actual 
molecular composition of the specific precipitate at the principal 
reference pomts and m the prmcipal zones of the entire precipitin 
reaction range Marrack and Smith had calculated that at the 
flocculation optimum one molecule of pseudoglobuhn antigen 
combmed with about four molecules of antibody (20a), but use 
of more recent data on the molecular weights of antibodies (58, 
69) has permitted the assignment of empirical formulas (table 
3) over much of the reaction range m a number of systems (60) 
While these formulas cannot be considered as those of definite 
chemical compounds conformmg to all criteria of homogeneitj 
they represent faithfully at least the empirical composition of the 
specific precipitate at the reference pomts chosen and, m genera!, 
he withm such limits as to justify the apphcation of classical 
chemical treatment to the study of the precipitm reaction 


MOLECUIiAB FORMULAS FOB ANTIGEN-ANTIBODY COMPOUNDS 

With the use of the formulas m table 3 as a basis, a tuo- 
dimensional and therefore necessarily mcomplete graphic repre- 
sentation of the entire reaction range between crystalhne ep 
albumm (Ba) and antibody (A) might be offered (fig 2] n 
this scheme the possibihty of the combmation of Ea with six 
molecules of A is taken to mdicate that ordinarily up to six mo ec 
ular groupmgs, not necessarily all different, m the Ea mo ec e 
may react with A, m other words that Ea has six immuno ogic- 
(chemical) valences, or a multiple of six For simphci ^ - 

assumption is also made that the average A i 

valences or combmmg sites for Ea, but the possibihty o a i 

bonds IS not excluded , , ,tg 

The egg albumm studies (32, 60) have also sbo 

immunological “valence” of the /^jj^Hhis m turn, 

the breadth of reactivity of the antibody, and t 
generally vanes with the length of the mmumz 
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which the animal furnishing the antibody is subjected If the 
mmmum immunological “valence,” or number of combining 
groups, of the antibody entenng mto specific precipitation is 2, 
it is probable that this mcreases dunng the course of immuniza- 
tion as the antibody becomes capable of reactmg with more and 
more groupmgs on the antigen molecule This is merely the 
expression, m chemical terms, of the well-known overlappmg of 
specificities on prolonged immuni zation Many antisera also 
contain antibody which behaves as if it possessed only a single 
unmunologicaUy reactive groupmg, smce it does not precipitate 

Compounds in the Region of Excess Antibody 


A 

A A 
Ea 

A A 
A 

EaA( 

A A A A A A 
A Ea A Ea A Ea A 
A A A A A A 


EaiAii 


A A A A 
A Ea A Ea A 
AA AA 

EbjAu 

AA AA 

or A Ea A Ea A 
AA AA 
A Ea A 
AAA 

(EanAsn^l) 


A A A A 
A Ea A E' A 
A 


A A- A A 
A Ea A Ea A Ea A 
A A a'^A-^ a 


EsiAio 


KeiAt 4 (Ea«A4»»+5) 


Also, 

(Ej^Ajn+»)/ 

( Esti A* 



V 


Ea« ki (Ea, ^,*+4) 

f'la 2 MoLi:crrL\.RFonMULAsorEGG Ax-bumiv-^vtibodtCompouvds IvT)ic«.7ED 
bt A-s u-tses akd the Quan-titative Theort 
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Compounds in ihe Egutvaknce Zone 




Ett 4 Au 


Ea A Ea A Ea A 
AAA 
(EaA,). 


Compounds in the Region of Antigen Excess 


/\ 

Ea A Ea A Ea A Ea 




\a/ \a/ 

EaiAi, etc 

Soluble Compounds in the Inhihtion Zone 


Ea A Ea 
A A 


also, possibly 


Ea A Ea A Ea A Ea 
A '^a/ a 

(Esi Ai)ii , 

(EaA). 

Fio 2, concluded 


antigen when separated from the rest of the 
capable of adding to a specific aggregate formed by 

antibody and antigen , ^crease 

The tendency for both constants of equatio f ^ 3 

durmg successive courses of in the region 

change m the combining proportions of t^e ant ^ 

of excess antibody, and a change in t ® °PP ^ 3 from 

region of excess antigen This is Sod; more 

wLh It will be noted that in the region of excess antiDO 
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and more antibody in the antisera from successive courses of 
injections is required to precipitate a given amount of Ea Pre- 



sumablj for the same reason, that is, the probable abihty of the 
antibodj to react with more and more groupmgs in the Ea mole- 
cule as immumzation proceeds, this tendency is re\ersed m the 
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region of excess antigen In this zone the antibody becomes 
more and more efficient with continued unmumzation m that a 
given amount of antibody eombmes with more and more antigen 
It IS precisely this region which is of the greatest interest in serum 
therapy, for passive unmumzation of an mfected patient is 
achieved through the region of antigen excess A senes of charts 
similar to figure 3 could also be constructed from the pneumo- 
coccal polysaccharide-antibody data m (27) 

Extension of the molecular weight studies (58) to egg albuimn- 
antibody precipitates dissolved m an excess of Ea revealed the 
presence of several dissolved substances of higher sedimentation 
constant than those of either Ea or A, affordmg evidence of the 
presence m this system, as well, of relatively simple, soluble Ea- 
A compounds m the inhibition zone If, on the other hand, the 
specific precipitate had been merely "peptized” by the excess of 
Ea there would be no reason why the process should stop at 
discrete molecular entities larger than either of the components 
Accordmg to recent calculations of Tisehus and Kabat made from 
electrophoresis diagrams (61) these inhibition zone compounds 
are probably Ea»As and (EajAs)*, with higher pobmoers also 
present if the solutions are not allowed to stand long enough to 


come to equihbrium 

These experiments not only throw light on the mechanism b) 
which specific precipitates are dissolved or prevented from form- 
mg by excess of antigen, but even furnish a possible clue to the 
vexmg question of why inhibition does not hkewise occur at the 
antibody excess end of the precipitm reaction range This has 
been ascribed by Marrack to the close-packing of antibody around 
the antigen m the region of antibody excess, with consequent o- 
of polar groups and decrease m solubihty, while at the 
excess end the antigen, with more combmmg sites than anti }, 
would not permit close-packmg (4) The present 
tend to support and extend this view, for it has been s oira 
at the antibody excess end the composition of the , 

several systems is of the same order as for the Ea sys em, - ' 
EaA. to EaA. (60) (See also table 3) Tte 
close association of relatively many A molecules, spe 



QUANTITATIVE ANTIGEN-ANTIBODY STUDIES 


75 


polymerization occurred at the same time m some such way as 
mdicated m figure 2 At the other end of the system, where 
relatively small, simple, soluble compounds have been shown 
experimentally to be present (58, 61), a more extended configura- 
tion of such molecules can be pictured (figure 2) 

ANALYSIS OF OBJECTIONS TO THE QUANTITATIVE THEOHY 

From the above discussion it will be clear that the conception 
of specific precipitation and agglutmation as the combmation of 
multivalent antigen with multivalent antibody entails as a 
consequence both the quahtative and quantitative explanation 
of much that has hitherto been obscure However, the mere 
agreement of even large bodies of data with a theory does not 
guarantee its vahdity, nor does its serviceabihty as a tool ex- 
clude the possibihty that an alternative theory nught serve even 
better Objections to the quahtative as well as quantitative 
features of the theory have been made, and these will now be 
considered 

A sizable portion of the evidence that antigens may possess 
multiple deternunant groups has been supphed by Hooker and 
Boyd (62) In a discussion leadmg to the conclusion that the 
aggregation phase of specific precipitation is non-specific (63) 
these workers maintam that the assumption of multivalence or 
multiple deternunant groups m the antibody molecule is un- 
necessary and comphcatmg However, both antigens and anti- 
bodies as protems possess the same basic structure, and immuno- 
logical as well as chemical multivalence follows naturally from 
■''bat IS known of this structure Moreover, an antibody may 
function as an antigen (cf Landstemer and Prasek (64) Ando 
(65), Marrack and Duff (66)) and m this capacity its multi- 
valence would necessarily be conceded Why, then, need a 
multivalent antigen be a umvalent antibody‘s Hooker (67) 
has, moreover, argued for the necessity of subdivndmg a combinmg 
group on the antibody mto three parts to account for specificity 
differences between dexiro- and Icio- isomers This would seem 
to imply a limited form of multivalence, for each part would 
presumably be a chemical bond Also, m discussmg the question 
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of valence Hooker and Boyd admit (63) the "tacit” assumption of 
multivalence m calculations relatmg the antibody antigen 
ratios at the eqmvalence pomt to the molecular weight of the 
antigen But the assumption appears to the writer more than 
tacit,” and if Hooker and Boyd now beheve antibody to be 
umvalent they must abandon the entire basis for these and others 
of their calculations For purposes of calculation antibodj 
molecules were assumed by Boyd and Hooker (68) to consist of 
three (four would perhaps have been better) spherical Svedberg 
umts of 34,500 At the eqmvalence pomt (a pomt definable 
only as a mean value m an often broad eqmvalence zone) it 
was assumed that "the antigen molecule is just completely cov- 
ered by molecules of antibody” m such a way that “each of the 
three component umts is m contact with the antigemc surface ” 
This, of course, imphes at least one combmmg group on each 
Svedberg umt, otherwise there would be no reason for the sup- 
posedly flexibly jomed umts to attach themselves to the antigen 
surface But it is well known that antigen can combme mtb at 
least twice as much antibody as at the "eqmvalence point” 
It must then either be assumed that the additional antibodj 
combmes with that already on the antigen (and there is no e« 
dence than any part of the antibody is more loosely combine 
than the rest) or it must be assumed that antibody maj also 
combme head on,* so to speak The two modes of combination 
might be indicated two-dunensionally as follows for the a 
system 



Gen Physiol 1939 22 , 281 ) 
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The latter alternative is merely another type of diagram such as 
that given m figure 2, for the A valences remammg free could, and 
doubtless ■would, combme "with other Ea-A combinations It 
also follo'ws from this that the calculation (63, footnote pp 
343, 344) that 15 antibody molecules ■would more than cover the 
surface of an antigen the size of the hemocyamn of C irroratus 
cannot be correct, so that the deduction from tins calculation 
must also be abandoned 

Aside from the valence mconsistency the above hypothesis 
fails to account for the existence of the whole senes of eqmvalence- 
zone compounds between EaAs and EaAs, which are often ex- 
perimentally demonstrable and which are easily accounted for 
on the basis of multivalent antigen and antibody (cf also fig 2) 
Hooker and Boyd themselves appear to have receded from a too 
rigid apphcation of then theory of the relation between the 
molecular weight of the antigen and its combining ratio ■with 
antibody at the “eqmvalence point” (cf 32, p 718, also Ref 57) 

The argument for the multivalence of antibody is further 
strengthened by emdence for the existence of umvalent antibody 
as well In the papers on the quantitative theory it has been 
shown that m addition to antibodies which are considered multi- 
valent there is also antibody which behaves as if it were umvalent, 
smce when isolated it can no longer combme with antigen to 
form aggregates, but can only do so when more complete, or 
multivalent, antibody is present (32) If flocculation is merely 
a non-specific consequence of antigen-antibody combmation due 
to the presence of salts such antibody should not exist Its 
existence, however, has been repeatedly demonstrated, and it 
has also been shown to combme ■with antigen (impubhshed ex- 
periments of the ■writer) 

In support of the non-specific aggregation of the antigen- 
antibody complex Hooker and Boyd have submitted experiments 
on the mixed agglutmation of red cells It ■will be recalled that 
Abramson (69) had shown that mixtures of red cells and bacteria 
^ith antisera to both agglutmated to form mixed clumps and not 
separate, homogeneous aggregates as would seem to be demanded 
bj the chemical theory, and as was mdeed actually sho^wn to 
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take place by Topley, Wilson, and Duncan (56) in the case of tiro 
^erent bacteria and their antisera A legitimate cnticism of 
Abramson’s experiment would seem to be that the relatiieli 
enormous size of the red cells could have blocked the free move- 
ment of agglutmatmg bacteria and so prevented homogeneous 
s-gsfutmation of each cell species It is also quite possible that 
the large size of red cells accounts for the mixed agglutmation 
observed by Hooker and Boyd 
Very recently Boyd and Hooker (70) have reported that red 
cells were agglutmated m the presence of a huge excess of anti 
body, when presumably eveiy reactiie site on the surface vras 
occupied by a molecule of antibody and there appeared to be no 
opportumty for the formation of aggregates through free antigen 
linkages This is taken to mdicate non-specific aggregation for 
this set of conditions This would, however, be only a hmitmg 
case for the theory that aggregation is merely a continuation of 
the process of combination of multivalent antigen and multivalent 
antibody, just as the solution of the precipitate, or absence of 
precipitation m the region of great antigen excess is also a lunituig 
case As already noted on pp 71-5, in both instances relative!} 
simple molecules are formed In the antigen-excess region stnic 
tural considerations and the molecular ratios of the components 


favor soluble compovmds In the antibody-excess region sjm- 
metry and close-packmg (4) favor insolubihty An insoluble 
molecule of EaAe, for example, would probably combme mf 
similar molecules to build up aggregates through forces w ic 
might be termed non-specific, although possibly due m ° 
the combmation of smtable polar groups on colliding a » 
molecules to form salt-hke linkages much the same as t ose in 
any morgamc precipitate The texture of precipitates pr nee 
m this way, is, however, generally veiy fine, and 
form of those in which relatively less antibody is used an 
valences are left free to combme with bound as well as im 
antibody Over this, the prmcipal range of the pre p 
bacterial agglutmation reactions, the , ^-actions w- 

and larger and more gelatmoua as ^ 
volvmg umon of multivalent antigen with mul 
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take place in more nearly equivalent proportions, or, m Mar- 
rack’s terminology, as lattice formation becomes more and more 
complete At the other (antigen) end of the range lattice forma- 
tion also fails, but this is adequately accoimted for on the basis 
of the umon of multivalent antigen with multivalent antibody, 
as already explamed Boyd and Hooker appear vnlhng to concede 
lattice formation (with umvalent antibody*?) m the region of 
antigen excess 

As matters now stand, there is evidence that so-called non- 
specific factors may determme flocculation or agglutmation m 
the special case m which aU antigen valences are occupied by 
antibody Over by far the greater part of the reaction range, 
however, with the exceptions mdicated m the first and last 
diagrams of figure 2 the possibflity remains that chermcal linkages 
of partly “coated” antigen molecules occur through antibody 
molecules, and much has been explamed on this basis that cannot 
be accounted for on the older theory It would seem reasonable 
to conclude that such chemical linkages would occur with greater 
avidity” when structural and kmetic considerations show them 
to be possible than would the more vague non-specific linkages 

Hooker and Boyd have also studied the rate of flocculation m 
the precipitm reaction, and have found that m the region of 
antibody excess there is a Imear relation between the antigen 
dilution and the time of flocculation (71) Under the assumption 
that m this range the antigen particles are maximally coated 
■'^th antibody a simplified form of v Smoluchovski’s equation 
for slow colloidal flocculation was considered apphcable smce it 
resulted m a Imear relation However, mspection of the table 
(p 374) shows that much of the hnear range m several of the 
antigen-antibody systems considered hes m the region m vhich 
the composition of the precipitate is known to change with the 
proportions of the components, and hence the antigen cannot be 
maximally "coated” There is therefore e\erj' reason for the 
behef that e m v Smoluchovski’s theorj would be variable, and 
not constant, as assumed, so that the data do not permit appbca- 
tion of the theorj^ except o\er a much more restricted range If 
the hnear relation apphes, ne\ ertheless, m the region of \ ar\ang 
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composition, it is probable that this is due to a balancing of some 
of the many unknown factors influencmg the rate of flocculation 
The experiments quoted therefore offer evidence of non-spcciHc 
flocculation only m the hmitmg range covered in the work quoted 
in the precedmg paragraph, and this evidence is weakened by the 
apparent vahdity of the Imear relation in reaction regions in 
which it cannot have the theoretical significance given 
The mcreased speed of flocculation demonstrated by these 
workers m mixtures is less easy to explam away As admitted 
by Hooker and Boyd, there was cross-reactivity of related anti 
gens m one-half of the experiments cited in (63) and these must 
therefore be excluded But cross-reactivity could not account 
for the mcreased speed of flocculation m the other instances, and 
this was predictable on the basis of non-specific flocculation 
A similar effect has recently been observed by Duncan (72) m 
mixed Ea-serum albumm-antibody systems, but the flocculation 
rate of mixed agglutmatmg systems was not increased Duncan 
concluded from this that only chemical aggregation is mvolved m 
specific bacterial agglutmation, but that, m addition, non 
specific factors mtervene m specific precipitation Because of the 
far-reachmg analogies between these two immune reactions, this 
view seems unlikely and would seem equivalent to merely another 
way of saymg that there are still unknown factors which influence 


the rate of specific precipitation 
Hooker and Boyd also state (63) that the reagglutination ex- 
periment discussed m connection with the quantitative the^ 
(pp 66-70) may be explamed by a dissociation of anti } 
from the imtially agglutmated cells, instead of by a reagg u ins 
tion of the entire mass due to the combmation of multiva en 
on the freshly added cells with multivalent antibody on e i 
itially agglutmated cells If by "dissociation” they . 

body soaked off by the sahne m which the initially aggiu 
cells were suspended, this was excluded by 
experiment, for the cells were repeatedly washed “^^ci 

natants no longer agglutmated added ^omologo^ P 
If, on the other hand, .t .s meant that the f ^ 

completion an exceedmgly shght dissociation 
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ibility of reactions [2], [3], etc , the following evidence to the 
contrary is available As in the precipitm reaction, the composi- 
tion of the agglutmated cells is mdependent of the antibody con- 
centration at eqiuhbnum, so that any change of this kmd due to 
dissociation and reversibihty is too slow to measure Moreover, 
if there were a redistribution of antibody to mclude the newly 
added cells the aggregates formed should be smaller than before, 
whereas microscopic and macroscopic observations show them 
to be stnkmgly larger, as would be expected if the S on the added 
cells combmed with A on agglutmated cells to link masses to- 
gether 

Although Eagle (73) has accepted the multivalence of antigen 
and antibody^ he has raised objections to the view that floccula- 
tion is a consequence of such umon (74) However, there was no 
difficulty m mterpretmg the action of formaldehyde on anti- 
bodies, cited by Eagle, m the hght of the chemical theory of 
flocculation, and as this has been discussed fully m a recent pubh- 
cation (35) repetition would seem unnecessary 

Deductions regardmg the mechanism of the precipitm reaction 
bave been made by Haurowitz (75, 76) as a result of his studies 
on arsanihc acid azoprotems and their reaction with antibodies 
Many of these deductions seem questionable smce they rest on 
the assumption that the antigens used were well-defined, smgle 
substances The evidence against this, even m Haurowitz’s 
■Work, is very strong, for m serial additions to excess antisera only 
60 per cent and 33 per cent of the antigens added were actually 
foimd m the first, and largest, precipitates m two experiments 
((76), Tables II and III, pp 396, 397) The objections raised by 
Haurovntz against the quantitative theory (76) seem to rest on a 
ttusunderstandmg, except that the variable composition of the 
precipitate is ascribed exclusively to the presence of a number of 
different antibodies The ^^ews expressed regardmg the forces 
responsible for antigen-antibody combmation are based on the 
Breinl-Haurowitz theory of antibody formation (31), modified 
lo take account of the possible ionic nature of at least the imtial 

‘ In (35) this statement i\as inad\ertcntlj so i\orded that the acceptance of 
•^EKregation as a consequence might also ha'vc seemed implied 



82 


Michael heidelberges 


combination (18) and additional influences of polar groups m 
dicated by the work of Chow and Goebel (77) Since these 
matters are also discussed in detail in (4b) they will not be further 
touched upon here 

Criticism of the quantitative theory has also been made b} 
Marrack (4b, pp 470, 471) The occurrence of irreversible bi 
molecular reactions is doubted m systems which we and others 
have repeatedly shown to be reversible m the sense that the com- 
position of the precipitate may be changed by addition of either 
component or by alteration of the salt concentration The 
mconsistency mvolved is admitted, but a high degree of irreiers- 
ibihty must be assumed to exist under a given set of conditions, 
otherwise the efifect of concentration of the component m excess 
would be greater The real diflSculty probably hes m the as- 
sumption that antibody may be treated as a smgle substance, 
when, as we and others have frequently shown, it is a mixture of 
antibodies of different reactivities We have repeated!) called 
attention to this oversimplification of the quantitative theorj 
as it now stands, but it at least permits many calculations and 
predictions to be made with accuracy and a certam degree of 
utihty As already stated (23, 26, 32), the theory was offered, 
m the realization of many weaknesses, as a temporary expedient 
which might be useful until antibody possessed of uniform re- 


activity could be isolated 

With regard to Marrack’s other objection regarding the order 
in which the vanous bimolecular steps were considered to ta e 
place, the same answer may be given, namely, that it was rea ize 
that the reaction did not take place m steps, but that P*'*' 
poses of calculation it was convement to make such ar i rao 
subdivision If some such scheme be envisaged as that m ig » 
and the reactions are assumed to involve individual h 
valences, the reaction order used for the arbitrarj u 
ongmally adopted does not seem so improbable « 

It has also been stated by Malkiel and Boyd 
equations of the quantitative theory do not apply 

‘ Progress m computstions along this line has 
be reported shortly (pnvate communication from Vr t 
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of antigen excess in the hemocyanin-antibody sj'stem Equa- 
tion [5] IS cited, also the equation 

mgm antigen precipitated = 2R'A — — tt— ; [ 8] 

antigen added 

(equivalent to [5] with S and A transposed), which is said not to 
apply in the zone of partial inhibition When these equations 
were proposed (23) it was expressly stated that they did not apply 
in these zones Malkiel and Boyd therefore emphasize what they 
evidently consider a weakness of the quantitative theory The 
writer, however, is inclined to consider as advantageous the 
division of the precipitm reaction into defimte zones which can 
be delimited experimentally, especially if this permits the ap- 
phcation of a theory and consequent calculations and predictions 
which do not follow from any purely empirical relation More- 
over MaUael and Boyd also state that equation [8] and the rela- 
tion derived from it, 

antigen pptd _ gR' _ (R')A |.gj 

antibody N pptd antigen added 

which IS hnear with respect to — 77—,, do not apply to the 

antigen added 

hemocyamn system, but insufficient data are given to permit a 
test of this assertion The necessary figures were most kmdly 
sent to us and equation [8] (hence [9]) was found to fit for the 
entire region of maximum antibody precipitation in three out of 
the four mstances tested We have, then, for this portion of the 
reaction range, our own equation, derived from the law of mass 
action, and the empirical relation of Malkiel and Boyd As for 
the inhibition zone, many of the figures m the tables given by 
these V orkers ( 57 ) clearly mdicate that the hnear relation can be 
e\tended mto the inhibition zone only with a sharp inflection 
horizontally Thus m Table II p 387, R m the two mhibition- 
zone precipitates is patently constant for Serum 926;, R is also 
constant, withm the large expenmental error, for the three in- 
hibition-zone precipitates of Serum 928, Table p 380, and for 
the three precipitates m this zone from Serum 928*, p 381 
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In three of the &i\ instntxees cvtcd. then, the dntn do not w'nnnt 
the extension of hlnlkicl ind Boyd’s empincil rehtion into t>'.' 
second rone to winch it is snid to npp\v In two other intici”' 
antibodj" systems for which our own data are siifhcienth accviritc 
two out of four sera studied have showai const^ant comjiofitie'' 
of the precipitsite in the cone of partial inhibition {(^S), p o('7, 
(32), p 235) It may be pointed out that precipitates of eo'' 
stant composition in equilibrium with the soluble inhilnticr 
rone compound are entirely consistent with the theori ot th' 
union of multiyilcnt antigen wath miiltn*alent antibodi ' 

5511110 the above detailed discussion of the precipitin rciciwa 
and specific bacterial ac^hitination may hai-e seemed ovcrlonc 
these two imniune reactions are the onlv ones tor which a cc' 
sidcrablc body of precise, absolute data exists Since thn rei . w 
concerns itself pnnnnlj’ wath such data these two reictioa^ h-iic 
nccessarilj’- taken up most of the space allotted 

THE ToxiK-ixrrroxiv kekctiox 

A beginning has been made, however, tow-ird placmg anotb * 
of the most important immune reactions on a smiilir h.'^ 
Until rcccnt\v the vohiimnons knowledge of the toxin*antitoar 
reaction could be expressed onlj m relative terms ^uch ir a 



QUANTITATIVE ANTIGEN-ANTIBODY STUDIES 


85 


formerly used for the precipitm and agglutimn reactions, and for 
the same reasons With the isolation of what is presumably pure 
diphtheria toxm by Eaton (78) and by Pappenheimer and Johnson 

(79) the antigen has become known as a protem, the properties 
of which may be followed quantitatively In the flocculation 
zone of the reaction the methods of analysis developed for the 
quantitative study of the precipitm and agglutimn reactions 
have also been found apphcable 

The first study of this nature was made by Marrack and Srmth 

(80) , who showed that diphtheria toxm-antitoxm floccules were 
mamly “denatured” pseudoglobulm, and that the amount of 
nitrogen precipitated was mdependent of the quantity of non- 
specific serum protems present and mcreased with mcreasmg 
amounts of antitoxin (A) up to the flocculation limit In sera 
showing an in vivo in vitro ratio of 1 or greater, Healey and 
Pinfield (81) found that if the composition of the toxm-antitoxm 
floccules were represented as TA (m imits) at the Eamon floccula- 
tion pomt, the composition TAa could be attamed when A was 
present m twice the amoimt Over aU but the ends of the floccu- 
lation range aU of the T and A present were m the precipitate It 
was also found that TA floccules could combme with A or a rela- 
tively small amount of T, and that TAz floccules combmed with T, 
but with very httle A The reversibihty of the Danysz effect 
(cf also (82, 83) was demonstrated 

A more detailed quantitative study was made by Pappenheimer 
and Robinson (83), usmg highly purified toxm, and m some m- 
stances purified antitoxm It was found that the flocculation 
zone corresponded to the eqmvalence zone of precipitm reactions 
m vhich neither component is demonstrable m the supernatants, 
m accord with Healey and Pinfield The mtrogen figures cited 
indicate approximately a three-fold range of combmmg propor- 
tions o\ er the entire zone Smce the Danysz effect is shown out- 
side the zone of flocculation, where any effect due to the combma- 
tion of T and A m varying proportions should be immediatelj’ 
rc\ersible, it is postulated that T and A combine rapidly to form 
a soluble compound, followed by a slov reaction resultmg m 
flocculation when the proportions are smtable The initial 
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rapid reaction would be responsible for the Danysz effect and this 

would be slowly reversible after addition of the last portionfs) 
of T y 

The amount of N per Lf umt of T was calculated by subtracting 
the N precipitated from 300 units of A by 200 Lf of T from that 
precipitated by 400 umts In six sets of determinations the 
values ranged from 0 00042 to 0 00048 mgm of N, with a mean 
of 0 00046, regardless of the punty of the T or A used, and agree- 
mg with the value given by Eaton (78) for his purest T With 
this value it is shown that a constant figure is obtamed for the 
A precipitable throughout the eqmvalence zone except with A 
showing evidences of alteration The value found was, m gen- 
eral, 0 016 mg of N per flocculation unit of A Usmg these 
figures, the A T (or more stnctly, A N T N) ratios at the A-end, 
flocculation pomt, and T-end of the equivalence zone were found 
to be approximately 7 0, 3 5, and 2 5, respectively With the 
aid of the fiocculation-pomt ratio and a smgle pair of duplicate 
mtrogen deterinmations the potency of both an unknown tom 
and an unknown antitoxm may be calculated, even if no standard 
is available for comparison’ 


THE r6lB of lipids 

Quantitative analytical methods both for antibody and hpida 
have been used by Horsfall and Goodner (84) in studjung the 
relation of hpids to specific precipitation and agglutmation in 
antipneumococcus sera Of the many significant obsenafion? 
and analyses made only those will be discussed bearmg dnec i 
on the mechanism of the precipitm reaction It was foun t 
the first precipitate formed earned down a relatively 
portion of the hpid present, and hpid contents as high as p® 
cent were noted Subsequent precipitates m the same 
relatively low m hpid and the amount m any ® ^ , j, 
relation to the mtrogen (protem) content . at,o 3 

of the hpids abolished specific precipitation ^ 
in the case of horse serum, and greatly dimms o - 
m rabbit serum, in hue with the earlier work of H ) 
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but lecithui restored these properties to extracted horse serum 
and cephahn to extracted rabbit serum It was considered that 
most of the hpid earned down was adsorbed to the specific pre- 
cipitate, but that the exceedmgly small amount of lecithm or 
cephahn necessary to restore the precipitating and agglutmatmg 
power might mdicate that antibody consisted of a hpo-protem 
complex Highly purified antibody from horse serum was also 
stated to contam lecithm (84d) It was, however, found that 
the extracted antibody could still combme with pneumococci, 
although these were not agglutmated, so that an alternative 
hypothesis seems to the writer at least equally probable The 
observation, quoted above, that the first precipitate m a senes 
contains relatively much hpid, and that subsequent precipitates 
contam less hpid (and often form more slowly) rmght be taken 
to mdicate that the function of hpid m promotmg specific pre- 
cipitation and agglutmation is essentially a mechamcal one 
The effect of the hpid would then be to provide nuclei for the 
formation of aggregates, much as dust particles m a super- 
saturated solution of a substance promote its crystaUization 

In the foregomg review immune reactions mvolvmg specific 
precipitation and bacterial agglutmation have been discussed 
m the hght ’of newer data obtamed by quantitative methods 
confornung to the criteria of analjdical chemistry An outhne 
has been given of the progress made, smee the mtroduction of 
these methods, toward the imderstandmg of these immune re- 
actions, and instances have been given of the utihty of the 
methods and the theories based on them The analytical 
methods have withstood all tests for accuracy and rehabihty^ 
and are now qmte generally accepted as standard, but the quan- 
titative theory, m spite of its utihty, is ob\uously defectne m 
certam respects It is hoped that this discussion of the present 
state of these problems vull stimulate not onl}’ the search for 
more rigorous theoretical explanations than are now available, 
but will also further the apphcation of suitable absolute methods 
lo other, more mtricate manifestations of immumty 
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Dunng the past several years the pathogenic staphylococci 
have received considerable attention, particularly vnth regard 
lo their toxigenic capacities and the relation of their toxins to 
staphylococcal infections Papers between 1924 and 1931 bj-- 
Parker (201, 258), Gross (102-110), and Burnet (26-28), and by 
^J^ny others in the j'ears unmediatel}' following, have jnelded 
new information, have established a new basis for the interpre- 
t^ation of known facts about staph 3 'lococci, and occasionally' 
reempliasized earher obsenations upon staphylococci 
Hurnel’s study' of these organisms followed an incident in 
undaberg, Queensland, in 1928, which demonstrated the toxi- 
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gemc potentiality of staphylococci Of twenty-one children 
who received a routine prophylactic injection of diphtheria toun- 
antitoxm, twelve died within 34 hours with acute staphylococcal 
toxemia (144) A culture of the toxm-antitoxm yielded Staphy- 
lococcus aureus 

A brief review of some of the newer information was made bj 
Holman (126) m 1935 Considerable material has continued to 
appear, and it has seemed advisable to summarize some of the 
contributions to the study of staphylococci that have been made 
durmg the past decade or so Such a summary must necessarily 
be limited m scope m this review, the immunology and therapj 
of staphylococcal infections must be omitted A limitation is 
also imposed by the very newness of some of the material, which 
will acqmre significance only through the perspective to be gained 
by the solution of present problems However, it is to be hoped 
that a summary at the present time mil serve to emphasize 
certam sahent features of recent mvestigations, and will afford 
pomts of departure for future work 


EXOTOXIN 


Defimte demonstrations of the production of toxins by staphj* 
lococci were made by the earher mvestigators (159, 190, I95i 
229, 251) These reports received only passing attention, how- 
ever, and httle emphasis was subsequently given to the toxigenic 
capacities of staphylococci, or the possible r61e of toxins in the 
pathogenesis of staphylococcal infections From the more 
recent information it is now firmly established that certam strain 
of staphylococci produce a soluble exotoxm, which may be o 
tamed m culture filtrates, and which is quite comparable o 
other recogmzed bactenal toxins m its antigenicity and o er 


properties 

In accordance with the effects produced by poten c 
filtrates, vanous self-descnptive terms have been emp oyc , 
mz , lethal toxm, dermonecrotoxm (or dennotoxm), hemo o > 
leucocidm, enterotoxm, and coagulase and fibnnoljsm 
vanety of effects raises the question whether some o 
be due to a smgle toxm whose action vanes with 
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winch it comes m contact, or whether each toxic effect is due to a 
separate toxic factor Regardless of the ultimate solution of 
this question, the terms at present supply a convement nomen- 
clature m the discussion of the activity of pathogemc staphylo- 
cocci 

Under the headmg "exotoxm” is to be described the soluble 
antigemc toxic substance produced by many pathogemc staph 5 do- 
cocci Toxic filtrates of staphylococcal cultures produce death 
(from lethal toxm) or dermonecrosis (from dermonecrotoxm) 
when mjected mto experimental animals m smtable doses and by 
the proper routes Smce hemolysis of rabbit erythroc 3 d;es is 
considered by many as another manifestation of the action of 
exotoxm (26, 28, 86, 115, 192, 217-223), a discussion of “hemo- 
toxm” may for convemence be mcluded under the general headmg 
of exotoxm, subject to such reservations as wiU be mdicated 
below 

Exotoxm m varymg amounts appears to be produced by many, 
but by no means all, pathogemc staphylococci From 85 to 
90 per cent of strains studied by Dolman (60) and by Stookey 
and Scarpellmo (237) were reported to produce demonstrable 
amounts of toxm Our own unpublished findmgs are qmte com- 
parable to these However, it appears that a much smaller 
proportion of strains produces a potent lethal toxm (24, 192, 229) 

Preparation of staphylococcal toxin 

In the study of staphylococci attention has necessarily been 
paid to the determmation of the optimum conditions for the 
formation of their toxms In many laboratories at present 
culture media are used that are based ultimately upon those 
described by Walbum (255) and by Parker (201) Essentially 
the method now m common use is to grow staphylococci in 
broth or on a semisohd medium (contaming less than one per 
cent agar) mth a veal- or beef-mfusion base, m an atmosphere of 
20 to 40 per cent COj, for one to three days, or occasionally 
longer iVlodifications vhich have been adopted in larious 
laboratories generally im oh e slight alterations in the amounts 
of 1 arious ingredients, the reaction of the medium, and methods 
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of harvesting and preserving the toxins The composition of the 
medium appears to be of considerable importance, and its modi' 
fieation may be a source of confusion in the interpretation of 
results (25, 207) 

Valuable information has been obtained concerning the nu- 
tritive requirements of staphylococci Following the demon- 
stration by Hughes (130) and by Kmght (153) of grovdh-acces- 
sory factors, subsequent work has shown that nicotinic acid or 
mcotmamide and thiamm (vitamm Bi), effective m nunufe 
amounts, are reqmred by the staphylococcus for its growth (71, 
118, 125, 154, 155, 158, 161) The requirement for these factors 
IS highly specific, for even closely related compounds are in- 
effective m promotmg growth (155, 156, 161) Richardson (216) 
has shown that uracil is necessary for the anaerobic growth of 
staphylococci, its reqmrement also being highly specific 
It IS apparent that the use of S 3 mthetic media for the production 
of toxins would be desirable, for it would allow a more accurate 


study of the nature of staphylococcal toxin than has yet been 
possible Staphylococci will grow satisfactorily in an entire!} 
synthetic medium contaimng the growth accessory factors (71), 
and recently Gladstone (89) has been able to obtam good toxin 
m a medium of known chemical composition Media of some- 
what simplified composition have been employed for the success- 
ful production of the toxm Leonard and Holm (163) haie 
descnbed a “semi-synthetic” medium, which is used m an atmos- 
phere of 80 per cent COs Media prepared with the dial} sate 
of nutnent broth have been used by Holt (127) and by McQean 
(188) These possess the advantage of contaimng distinct \ 
less mtrogenous material than the whole broth, and the toxi^ 
obtamed appear to be antigenically equal to those obtaine } 


the methods more generally employed _ j f nn 

The mtroduction of the use of semisohd agar (27) an o 
atmosphere of partial COj tension (203) represent ^ ' 

tions to the methods of preparation of 
Birch-Hirschfeld (8) obtamed potent toxin by J 

cocci on the surface of cellophane on agar plates .. e 
this to autolysis of the cocci by metabohc prod 
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yield of from 60 to 90 per cent was obtained, much of the nitrog- 
enous matter of the crude toxm bemg removed Precipitation 
with trichloracetic acid was successfully employed by Boivin and 
Izard (14) Reference has been made above to the use of a dialy- 
sate medium by Holt and by McClean for the production of 
toxm free from the non-dialyzable rntrogenons materia] of the 
whole broth 


Ultracentrifugation of staphylococcal hemotoxm by Gratia 
and Ndhs (101) resulted m a fluid the upper layers of vhich 
contamed the toxm, and the lower layers none There was, 
however, no appreciable concentration of the toxic factor 
Although exotoxm is filtrable, much of it may be lost by ad- 
sorption on certam ts^ies of filter (229, 262) Woolpert and 
Dack found that lethal toxm, dermonecrotoxin, and hemotoxm 
were retamed to a great extent by Seitz filters, while Berkefeld 
“N” candies juelded filtrates of high potency (262) This is 
comparable to similar findings for staphylococcal leucocidm 
(248) and for staphylocoagulase (72) 

Ndhs, Bouckaert, and Picard (192) reported that m equal con- 
centrations mmeral acids destroy the toxm, while orgamc acids 
vary m their action, from partial destruction to none at all The 
speed of the reaction had a direct relation to the temperature 
Colloidal iron and manganese have been reported to inhibit 
lethal toxm, while colloidal gold, silver, and platmura had no 
effect (162) Neither of these reports refers to the effect of 


these agents upon antigemcity 
LleweUyn Smith (169) has recently reported that glycerol, 
ethylene glycol, sucrose, and glucose inhibit the dermonecro ic 
action, due to partial destruction of the toxm Expenmen so 
deterimne the effect on antigemcity were inconclusive 
lethal toxicity for rabbits was also significantly ^mis e , 
the hemolytic action was unaltered In the latter , 

this was probably due to the lower concentration of 

m hemolytic tests, for m equal concentrations glycerom 

hemolvsis and dermonecrosis m parallel fasmon 
rfXerol should be remembered when the dennonecrohe h. 
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IS used to titrate antitoxic sera that have been preserved with 
glycerol 

Rigdon and his associates (4, 218, 221) found that hemotoxin 
and dermonecrotoxm were inhibited by hypertomc solutions of 
sodium chloride, and by certam other salts of sodium, potassium, 
and magnesium This was attnbuted to some action of the salts 
cn the cell' hich rendered them refractory to the action of the 
toxm Litu. m chloride also inhibited dermonecrosis but had 
no effect on hemolj'sis Weinstem (257) reported that lecithm 
inhibited hemolysis m blood agar by staphylococci and strepto- 
cocci, and that cholesterol exerted an antagonistic action, pre- 
ventmg the inhibition by lecithm The lethal, necrotic, and 
hemolytic capacities of toxm were reported by Schwartz (230) 
to be considerably reduced by okve oil 

Staphylococcal Toxoid {Anatoxin) 

The effect of a smtable concentration of formaldehyde is well 
known, smce it is the accepted agent for detoxifymg toxm m the 
preparation of toxoid In a concentration of 0 3 to 0 5 per cent 
complete detoxification is accomplished at 37°C m from 7 to 
20 days The lethal, dermonecrotic, and hemolytic properties 
are destroyed, without loss of the antigemcity In concentra- 
tions up to one per cent, more rapid detoxification, accompamed 
by greater antigemcity, has been reported by Kitchmg and Far- 
rell (151) Burnet and Freeman (29) found that the rate of 
detoxification bears a direct relation to the concentration of 
hydroxyl ions and possesses a high temperature coefficient 

The immumzmg power may be enhanced by precipitation of 
toxoid with alum (69, 163), with saturated ammomum sulfate 
(127), or with tnchloracetic acid at pH 4 0 (209) The alum- 
toxoid is particularly effective as a primary stimulus in immuniza- 
tion (69) 

Tests for antigemcity of toxoid mvolve the determmation of 
bmdmg and flocculatmg properties, and animal inoculations 
The biological standardization offers certam difficulties, which 
have been discussed by Llewellyn Snuth (168) Factors which 
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are involved include dosage and tune intervals, great individual 
variation in response to the antigen, the effect of diet and seasonal 
vanations, and differences m response to various types of antigen, 
such as toxoid, alum-toxoid, and toxin-antitoxin or to\oid- 
antitoxin floccules However, Dolman and Kitching (62) 
regard the biologic method as of only quahtative value for toxoids 
of low immumzmg efficacy Kitchmg and Farrell (151) haie 
reported a rough correlation of bmdmg power and the response 
in VIVO to antigemc toxoid preparations 


Antigenicity of staphylococcal toxin and toxoid 

The possibihty of producmg antitoxm m high titer by a suitable 
course of immumzation was demonstrated m laboratory animals 
by Parker (201), Burnet (26), Dolman (57), and Gross (109), 
m horses by Parker and Banzhaf (202) and by Burnet (28), and 
m human volunteers by Dolman (57) In reports supplying 
repeated confirmation of this, the experimental production of 
complete antitoxic immunity has sometimes been claimed, and 
the protection thus established was frequently related to an 
mcreased titer of circulatmg antitoxm A basis was thus es- 
tablished for the therapeutic use of toxoid and antitoxm 
Conflictmg reports of the therapeutic value of staphylococcal 
toxoid and antitoxm are found in the hterature While certam 
types of staphylococcal infection appear defimtely to benefit 
from this type of therapy, some unfavorable results may be 
attnbuted to uncritical selection of cases, and also to a premature 
conception of the part played by toxin m the pathogenesis o 
certam staphylococcal infections 
The serologic problems raised have necessitated a coinmon 
basis for the comparison of results Under the direction o a 
Committee on Standards of the League of Nations 
national standard staphylococcal antitoxm has been es a ^ 
(115) Antisera are titrated for their abihty to inhibit nemo y 
dermonecrosis, or the lethal action of toxm 


the action of staphylococcal EXOTOm 
Laboratory animals are susceptible m 

lethal effects ot the tosm The rabbit is particularl, stacept. 
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and usually is the animal of choice Wild rabbits used by Kella- 
way, Burnet, and WiUiaras (143) were reported to be five tunes 
more susceptible than the domestic varieties Giunea pigs are 
defimtely less susceptible than rabbits, as is shown by the rela- 
tively larger effective dose required for lethal or dermonecrotic 
tests (27, 60, 162) Adult animals, both rabbits and gumea 
pigs, appear to be relatively more susceptible than young animals 
(23, 57, 162), although young animals have sometimes been used 
(262) Cats, dogs, monkeys, mice, rats, horses, and doves show 
varymg susceptibihty (57, 60, 143, 217, 229, 262) The toxm 
IS administered mtravascularly There appears to be good 
evidence that when given by mouth, exotoxm is without effect 
(60) 

In considermg the lethal potency of staphylococcal toxm, it 
must be remembered that the toxins studied to date generally 
represent relatively crude filtrates of cultures Consequently 
the figures for the minimal lethal dose do not approach the order 
of those reported for some other toxigemc bactena The M L D 
of staphylococcal toxm, foUowmg mjection mto the blood stream 
of rabbits, has generally been reported as between 0 1 and 0 5 
ml per kilogram of body wei^t (21, 26, 57, 60, 143, 163, 199, 
262) Roy has recently recorded lethal titers rangmg down to 
0 0016 ml per kilogram (228) 

It has been well established that the abihty of a stram of 
staphylococcus to produce exotoxm is in no way related to the 
seventy of the infection from which it was isolated (57, 192, 198, 
200, 232) A similar lack of relationship was reported by Mmett 
for strains from vetermary sources (182) 

The lethal action of toxic filtrates 

A stnkmg senes of events follows the mtra venous mjection 
of a potent staphylococcal toxm mto a susceptible animal (26, 57, 
60, 143^ 195 ^ 217, 229, 262) The reaction may be immediate 
(death resultmg m five to fifteen mmutes), or it may be delayed 
(death occurring in two to four hours, and more often m twenty- 
four hours or longer) For a brief interval the animal appears 
to be normal Then, m rapid sequence, it becomes unsteady 
and paralysis of the hmd legs develops, the respiration, which may 
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be rapid at first, becomes irregular and gasping, incoordinate 
running movements often occur, imtial contraction of the pupit 
IS followed by wide dilatation The ammal then usuallj dies 
after violent convulsions, or it may become monbund until 
death supervenes There is often mcontmence of unne and 
feces, and sometimes diarrhea 
When death is delayed for a few hours, a somewhat similar 
series of events occurs, but more slowly Opisthotonos, and a 
marked loss of weight (sometimes as much as 200 grams per da}) 
have been recorded by Burky (21) in rabbits survivmg for more 
than twenty-four hours In cats, vomitmg was described in the 
earher stages by Kellaway, Burnet, and Wfihams (143) It n 
significant that the symptoms exhibited by the children who 
died of staphylococcal toxemia at Bundaberg were quite sunilar 
to the experimentally produced reactions described above 
Investigatmg the mode of death, Kellaway, Burnet, and 
Wilhams showed that m addition to a direct action on the hear! 
(an effect sometimes preventable by active or passive immuniza 
tion), the toxin also affects the vascular supply of the mnp 
(143) This results m obstruction of the pulmonary circulation, 
with consequent acute failure of the right heart An mi' 
transient fall of blood pressure occurs, apparently due to 
cologically active constituents of the culture medium 
IS followed by recovery to or above normal with mamtenance 
the blood pressure at about the normal level An mcrease o ^ 
put of adrenalm aids this recovery (52, 143) Fmally ere ^ 
characteristically rapid termmal fall of blood 
casioned by failure of the pulmonary circulation (1 ' 

The possibihty has been considered that histan^e m _ 
mi^t be responsible for the characteristic rapid dea o 
mental animals (26, 57, 219), but this has ' gnd 

Burnet (26) and by Dolman (57) More recently 
Keogh (70) have reported that histanune is h 
perfusion of the gumea pig’s and cat's ^ , ^gnal 
suggested that this nught explam the acute ° 
sure, rise m pulmonary pressure and penphera tb 

Several more or less detailed studies have ee 
pathologic changes which follow the mtravenous a 
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topically are serons or seroL™ “5 “nfinned mroro- 
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organs, and a charactenstir f V '^“ous 
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“ajonty of blood vessek are d,ll ^ The 

*ch may be quite mtemi « f “1 “t™™aeular hemolysis, 
lojoiy to the tesL 1 261)’ 

^^onecrottc aHton of tcxzc fiUrai^ 

‘»e reactirS exemplified by 

described by Parker ? 2 nn a v carefully studied and 

“on by othL Derm„ui“ repeated conflrma- 

appears frequentlv T ’ antigenicity The reac- 
determining the toac action m 

description of exotoxm givL general 

dennonecrotoxin pnH . ° essentially also to 

point further elaboration at thL 

In f, riri ^ acizon a/ iazzc ;?Z;rafes 

staphylococcal Properties, many toxic 

aytes Evidpnpo u+ capable of hemolyzmg ervtbrn- 

‘rahzation of hemolvs^L hemolysm and neu- 

»ore than one hemM eotreenim suggested the existence of 
f ) We dZLtrX and Stev:^' 

'hstuict hemotoxins which ’j cntigenicaUy 

™d "iJ.toxm " ? os “a-toxin” 

Wccal hemolysm ,; “““only described staphy- 

“hhlt and sheen^r^l, “a both 

pathogenic staphyl^ccrfrom "h ^“'looatly characteristic of 

‘0«h IS inactive on rrtte tZ b 7“ f '^hemo- 

snd then onlv afzaf t. oo^s, but is active against sheen cells 
oaly after mcubation at 37“C . Mowed by mcuSion at 
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a lower temperature It does not appear to be related to human 
pathogemcity Although produced by some strains of human 
ongm, ^-hemotoxm appears to be quite characteristic of veten- 
nary staphylococci (19, 182) These strams usually produce both 
a~ and ^-toxins, but some strains produce j3-toxin almost or en- 
tirely to the exclusion of a-toxm 

Morgan and Graydon (183) have demonstrated the existence 
of two a-hemotoxms, which they call "ai-toxm” and "artoxin " 
The latter was usually present m only small amounts in a toxic 
filtrate Flaum and Forssman (76) noted the distinction be- 
tween lysms for rabbit and sheep cells, and suggested that a-toxin 
was a mixture of two lysms It is possible that one of these 
corresponds to the aj-toxm of Morgan and Graydon 

The /9-hemotoxin appears to correspond to the “hot-cold” 
lysm studied by Bigger (6) and Bigger, Boland, and O’Meara 
(7), and previously reported by Walbum (254) Roy (228) and 
Flaum (75) have suggested that the lysm active on human eryth- 
rocytes IS identical with /S-toxin, but Roy’s human lysm also 
hemolyzes rabbit erythrocytes 

The physical properties and antigemcity of a-hemotoxin are 
qmte similar to those of exotoxm In contrast, the j3-hemotoxin 
appears to be thermostable (6, 7, 19, 263), although Minett 
(182) reported httle difference m resistance to a temperature of 
55°C An antigemc toxoid was prepared by Bryce and Rountree 
(19) by the action of formaldehyde on /3-toxm Levine (1&1| 
165) has suggested that the combmation of red blood-cells and 
lysm may be due to adsorption, for the reaction was found to 
conform to the general pnnciples controlhng adsorption phenom- 
ena 

The susceptibihty of the erythrocytes of vanous animal specie, 
to a-hemotoxm is of mterest, and considenng the vanations in 
techmque among different laboratones, the broad general cor- 
respondence IS striking The following table lists m ccreasi 
order the sensitivity of vanous mammahan erjthrocjte 
a-hemotoxm 

Bryce and Rountree (19) Rabbit, Ox, Koala, Sheep, Ferret, Bat, Horiaa, 
Guinea pig 
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Dolman (57) Rabbit, Sheep, Cow, Guinea pig, Human, Cat, Horse 

Forssman (77) Rabbit, O'?, Sheep, Goat, Human, Horse, ^ Guinea pig * 

Gross (107) Rabbit, Cow, Sheep, Goat, Human, Horse, Guinea pig 

Le Fevre de Arne (162) Rabbit, Gmnea pig 

Minett (182) Rabbit, Ox, Sheep, Dog, Human 

Woolpert and Back (262) Rabbit, Mouse, Dog, Monkey, Rat, Sheep, Guinea 
pig, Human 

Regarding susceptibility to /S-toxm, bovine (19, 182) and 
human (75, 228) red cells have been reported to rank close to 
sheep cells In comparison to sheep cells, Bryce and Rountree 
recorded the susceptibihty to /S-toxm of the red cells of several 
other species m the foUowmg approximate decreasmg order 
ox, human, koala, ferret, gumea pig, rabbit, and rat Except 
for the ox cells, which were about as sensitive as sheep cells, aU 
of these showed httle or no hemolysis hlinett (182) found that 
the erythrocytes of the dog and horse were relatively resistant 
to (3-toxm 

It would appear that hemolysis m blood agar should not be 
considered as any more than suggestive of the production of 
hemotoxm, and certainly the use of blood-agar plates does not 
lend itself to a quantitative mterpretation It is well known 
that hemolysis m blood-agar is not necessarily related to the 
production of soluble hemotoxm (243, 244) Hallman (114), 
m this laboratory, has reported that 91 4 per cent of 480 strains 
of staphylococci from nasal mucous membranes hemolyzed 
human blood-agar Only 67 per cent of these strains were 
potential pathogens Comparable results were obtamed recently 
by McFarlan (189) 

Correlation of the toxic factors 

The behef has been expressed by a number of authors that 
lethal toxm, dermonecrotoxm, and a-hemotoxin are probably 
identical (26, 28, 86, 115, 192, 217-223) Claun for the umty 
of the toxins was based upon similarity of physical properties, 
and upon the fact that all three were found m quantitative rela- 
tionship m the filtrates studied, and were quantitatively neu- 
traUzed by a smgle antiserum When quantitative differences 

'Ro hemoljsis 
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between the toxic factors of certain filtrates occurred, they were 
attributed to the destruction or attenuation of one or more of the 
toxic functions of these filtrates, possibly in the “toxophore” 
group of antigenically identical antigens (26, 29) 

On the basis of adsorption experunents with erythrocytes the 
identity of hemotoxin with lethal or dermonecrotoxin has both 
been claimed (86, 192) and denied (258) Adsorption tests 
performed by Roy (228) were inconclusive, but suggested a 
relationship between hemotoxm for sheep and human cells, and a 
difference between this lysm and that active on rabbit cells 
The results of all of these experiments were rarely clear-cut, and 
at best are only suggestive of the relationships claimed 
Gengou (86) has suggested that, rather than the constant 
presence of the three toxins m filtrates to mdicate umty, the 
absence of one of them from given filtrates would be better proof 
of their lack of identity This condition appears to have been 
reahzed m some of the filtrates descnbed by Parker (201), Burkj 
(21, 24), and Flaum and Forssman (76) Parker reported that 
many of her "non-poison-producmg strains” (wbch produced 
no dermonecrotoxin) were strongly hemolytic, and that filtrates 
containing potent dermonecrotoxm were usually ineffective rvhen 
mjected mtravenously into rabbits Flaum and Forssman 
studied antigemc hemolytic filtrates which were neither lethal 
nor dermonecrotic Burky reported the production of lethal 
toxm, but no hemotoxin, anaerobically in hormone broth and 
aerobically m Uschmsky’s medium Studjong a strain which 
originally produced both lethal and hemolytic toxms, he foun 
that after two years' mamtenance of the stock strain on arti 
ficial media, its abihty to hemolyze had almost completelj J- 
appeared, and comcidentally its toxicity had increased c 
imphcations of the results of Parker, of Flaum and Forssman, 
and of Burky should receive senous consideration 


leucocidin 

It IS of historical mterest that the earhest 
bacterial leucocidm was that of and 

scribed m 1894 by Van de Velde (251) ine ^ gm 
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Pomedout CHoLaTS ’tr^'' - 

Pered its studv A ^ technical difficulties have ham- 
means of the\mffiar°T''° approach has been by 

and Wechsberg (im P v “Produced by Neisser 
microscopic method nS ^ ^ a 

directly m a senes of destruction of leucocytes 

blood stam ^ preparations stained with a smtable 

mdicatesTlLt '"'bich has been confirmed by Proom (207) 
that i 'T be distmguished from 

^occal leuStnT i to Valentme, “true” staphylo- 

but has httJp ^®stroys both human and rabbit leucocytes 

(248) On the other^^'V^"? erythrocytes of either species 
on human Md or ^^^ot 

cells of the rabbit destroys both red and white 

to the destruchv! I ^oroscopic picture differs according 
contact with leucnci,^^^^ Human and rabbit leucocytes m 
and the granules ^ become spherical, the nuclei fragment, 
Tbe leuco^e.^r ^^^anged circumferentially m the cell 
^ben a dried st^^ ejentually burst, and this mvariably occurs 
destroyed bv T. prepared Rabbit white cells 

part of the cel?'nn^°^°^ retam the granules grouped m one 
It thus Ann ’ ?? remam mtact even m the dried film 
differences f differences m techmque have led to 

It may readilv h of the exact nature of the leucocidm 

bioscopic mebhnrf Jf^derstood why those mvestigators usmg the 
as identical wiiL considered leucocidm and a-hemotoxm 
(106, 263) ' properties and endpomts of titration 

correlation of dmcrences m properties, and an entire lack of 
loUowing thp oc leucocidic titers have been reported 

Thedifferpn naicroscopic method (197, 207, 248) 

mports uDon 7^ ^ techmque must be kept m mmd m evaluatmg 
^bc cultural bas emphasized that 

Seance of ? ^bod of preparmg the leucocidm affects the sig- 

b^eisser-WechcL appear that the 

erg techmque would be apphcable only to the 
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titration of filtrates containing no appreciable amount of a-hemo- 
toxm For the titration of hemolytic filtrates, Valentine’s 
method, usmg human cells, is mdicated 
It has been generally assumed that the majority of pathogenic 
staphylococci produce leucocidin Production of leucocidm has 
been reported m 17 of 22 strains by Panton and Valentine (197), 
and in 27 of 36 strains by Valentine (248) All strains in both 
senes were from pathologic sources All of 26 pathogemc strains 
were reported by Wright (263) to produce leucocidm (bioscopic 
method), while 7 strams from non-pathologic sources produced 
none Leucocidm titers have been variously reported as ranging 
from 0 01 to 0 0007 mi (106), and from 1 200 (263) to 1 500- 
1 1000 (55, 248) 

Leucocidm is antigemc The production of antileucocidin 
in rabbits was reported by Denys and Van de Velde (55), Gross 
(106), and Neisser and Wechsberg (190), its production in horses 
was described by Panton, Valentme, and Dix (198) and bj 
Wright (263) Titrations of antileucocidin have presented 
serious technical problems, particularly when attempted by the 
bioscopic method No accepted standard for antileucocidin is 
available, makmg it necessary for mdividual laboratories to 
adopt standards of their own 

A phagocyte-depressmg substance produced by staphylococci 
has been described by Pike (205), m confirmation of earher work 
by Hektoen (117) and by Walworth and Hoppe (253) It 
differs from leucocidm m its properties, it is nonspecific, non- 
antigemc, and cannot be considered as bemg identical vith 
leucocidm 


COAGULABE 

The abihty of staphylococci to coagulate blood plasma has been 
ecogmzed and studied at intervals smee the demonstration oj 
yoeb (171) m 1903 that broth cultures of S aureus were capa i 

if coagulatmg goose plasma The development of a do m 
iroth cultures from patients with staphylococcal sep ice ' 
amihar to all chmeal bacteriologists The relationsh P ! 
ioagulase to pathogemc staphylococci was noted b3 i 
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and its value in differentiating between pathogenic and nonpatho- 
genic staph} lococci has been suggested b}"^ several investigators 
(34, 44, 50, 102, 147) 

Among the pathogemc cocci, the abihty to coagulate plasma 
IS confined to the staphylococci A vmriety of other bacterial 
species has been found not to coagulate plasma (44, 72, 106), 
although occasional strains of Pseudomonas aeruginosa, Serratia 
marcesens, Escherichia coli, and Bacillus subtilis hav’^e been re- 
ported to give a positiv'e reaction (72, 171) Strains of both 
S aureus and S albus vtU coagulate plasma, although the co- 
agulatmg power of S albus strains, as a group, is less marked 
than that of the S aureus strams (27, 34, 72, 102) The plasma- 
coagulatmg property of staphylococci appears to be qmte stable, 
and to be retamed longer than such properties as chromogenesis 
and production of hemotoxin (11, 35, 44, 113) 

In general, rabbit or human plasma is most readily clotted, 
one or the other bemg sometimes reported as bemg more satis- 
factory (44, 94, 256), or both bemg found to be equally good 
(72) Occasionally plasma from other species, particularly dog 
plasma, may be most readily clotted by certam strains (100, 104, 
201:) In the coagulase test, any amount of clottmg is considered 
positive There is no relation between the rate of clottmg and 
the virulence of the strain 

The presence of coagulatmg substance m filtrates, origmally 
demed by Edemschmidt (152), was demonstrated by Gross 
^3, 104), and has recently been observed by Fisher (72), 
Y^nkshank (44), and Walston (256) Not all filtrates are active, 
a though coagulation may be obtamed with broth or agar cul- 
nms of strains yieldmg mactive filtrates 
A distmguishmg feature of coagulase is its resistance to heat, 
ashibited both by cultures and filtrates (72, 108, 256) First 
noted by von Gonzenbach and Uemura (94), the later report 
y Gross (105) that it resisted heatmg to 100°C has been con- 
ed by several others Fisher reported that the thermostabil- 
y vaned with the strams tested, from destruction at 60°C 
0 only partial destruction at 100°C for one-half hour (72) 
■Experiments -mth the common adsorbmg matenals were m- 
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conclusive 02, 87), but it appears that coagulase may be ad- 
sorbed on certain types of filters, Berkefeld 'T” and “N» allow- 
ing passage of the greatest amount of coagulase (72, 87, 249, 256) 
Fisher called attention to the fact that an amount of calcium 
sufficient to clot plasma may be washed from both Seitz and 
Berkefeld filters (72) Thorough washing of filters with normal 
sterile sabne obviates this factor 
The active principle of coagulase may be precipitated from a 
filtrate by alcohol, acetic acid, or half-saturation with ammomum 
sulfate, although some loss or destruction may occur (72, 256) 
The heat-resistance of the alcohol-precipitate is hke that of the 
filtrate (72), while the acetic acid precipitate is less resistant to 
heat and to storage (256) The active prmciple may be dialyzed 
through cellophane after precipitation with alcohol, but not 
before (25G), nor does it dialyze through collodion (87, 249) 
Gratia (100) demonstrated coagulase m the filtrate of a culture 
that had been lysed by bactenophage This could not be con- 
firmed by Pijoan (204) Fisher obtamed results similar to those 
of Gratia vnth. two strains of staphylococci, but with eight other 
strains there was either considerable loss of coagulatmg power or 


complete inhibition (72) 

The antigenicity of coagulase is uncertain The existence of 
an anticoagulase has been suggested, but it is largely hypothetical. 


and has not been conclusively demonstrated Human or horse 
sera containing demonstrable antihemotoxin do not inhibit 
coagulase (44, 108, 147) Attempts at immumzation with an 
active filtrate have not been successful (105, 106, 240, 256) 
The chief evidence suggestmg the possibihty of inhibition of 
coagulation by sera has been inferred from occasional samples o 
blood from cases of human infection which were slow to coagulate 
(108, 256) However, Sudhues and Schimrigk (240) and CruiJc- 
shank (44) were unable to demonstrate any such alteration m 
coagulabihty of plasma from cases of staphylococcal imection 
Fibrmogen solutions are clotted by coagulase, but this usua y 
takes place more slowly and less completely than m ^ ° 
plasma (72, 88, 96, 97, 256) The action ^ , fs 

gested, but coagulase is unaffected by "antithrombm 
hirudin and heparm (72, 98, 256) 
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FIBRINOL'iSIN 

ataphyl„c 3 InfTl >>™aver. between 

ae rapid Te l of a 

to brmtr ’ ^^''wococcal fibrmolysm often requires several days 
Cefy a clorobSd f 

disfin^f r , ^rom fibrinogen solution (73) A seroloeie 

‘;?r 

required to ^ + c many hours of incubation are 

introduced by f . fibnnolj^sis, complicating factors are 

tube and b/ +R + the 

Iys]sV246) tendency of fibrinogen clots to spontaneous 

fibrmoC tel streptococcal 

bquefaction nf ^ staphylococcal fibrmolysm tests A slow 
W subklzs Proi^^^^f clot by certain bacterial contammants 
Ucahs anrl Si! Pseudomonas aeruginosa, Alkahgenes 

ot protedysis ' suggested that this might be the result 

soSef wpjp staphylococci from human pathologic 

ner ( 247 ) dissolve plasma clot by TiUett and Gar- 
zas found blp! R ^ proportion 

reported thfl/«« dissolve fibrmogen clots, and Aoi (3) 

fibnn The fiE staphylococci dissolved Congo-red- 

is confined ™°tytic capacity of pathogemc staphylococci 
None of S 7°®^ exclusively to strains from human sources 
nnd Dart w ^ strams studied by Madison, and Madison 

these were human fibrm, and all but two of 

(173, 174 ) against fibrm from a variety of animals 

solved nr>i I- h®®® isolated from abscesses m horses, dis- 
borse fibrm 

human lesi l°und that 90 per cent of strams from "mternal 
^ere fibrinn^^ (septicemia, osteomyehtis, empyema, ceUuhtis) 

boils, nasal superficial lesions (acne, 

sinus, etc) were mactive against human fibrm 
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When tested against animal fibrins, the human strains were 
found to possess varying lytic capacities, of the active strains, 
about one-half dissolved the fibrm of only one species, and 
the remainder were active against two or more fibrms (173) 
Throughout their work Madison, and Madison and Dart used 
serum-free fibrmogen clot, with precautions calculated to aioid 
the comphcations imposed by this method 

Fibnnolysm has occasionally been obtamed m culture filtrates, 
has been precipitated out with alcohol or acetone (3, 73), and 
subsequently concentrated (73) Madison, and Madison and 
Dart concentrated unfiltered broth cultures by precipitation mth 
alcohol, m a manner previously employed by Madison for strep- 
tococcal fibrmolysm (172) 

Aoi reported the production of antifibrmolysm by the intraven- 
ous mjection m a rabbit of an "autolysate” or an acetone- 
precipitate (3) This does not appear to have been confirmed 
by others Neter (194) has descnbed inhibition of fibnnolysm 
by commercial staphylococcal antitoxm, and by the serum of one 
patient with osteomyehtis 

In common with several other bactenal species, staphylococci 
produce an anticoagulant, which must be distmguished from 
fibrmolysm (194) It inhi bits coagulation of both human and 
, ammal plasma, is produced m broth containing fermentable 
carbohydrates, but not m plam broth, and is not antigenic 
TiUett (246) has suggested that the anticoagulating activity' of 
some bactena, e g , Sirepiococciis vindans, pneumococci, may be 
related to the pH of the medium or to products of hydrolysis 
of carbohydrates 


ENTBBOTOXIN 

In recent years outbreaks of food poisonmg due to staphylo- 
coccal contammation of foods have been recognized as ewg 
clmically distmct from other types of food poisoning o m ^ 
(60) cites several such outbreaks mvolvmg at least o 
m the five yearn up to 1934 Smce then several ^ 

have been reported, mvolvmg about 2000 
(17, 38, 39, 43, 45, 46, 47, 63, 61, 116, 131, 132, M5, 
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tSe^outbreaks^t^’ofint^^^l geographic distribution of 

loodpomLf cLtf.?m m staphylococcal 

42. 45, 53, 61,®I31, 132, iTwS Ss” 227“26m ®°°d* 

cream fb 4^ 107 01 r non no’ ^iid milk and ice 

breaks havfbeen 'taccd? ' =“Ele out- 

povy (46 335 250^ 1 w ™at and 

(14^ ' ' ^ “* (175), and fish cakes 

raS'oS'tffiS* t!r f ^'>“'1 poisoning include 

contammated fonrtT four hours after consumption of the 
prostration ’ ■'"omitmg, diarrhea, nausea, dizzmess, and 

generX " tf f the mdividual is 

have been^^! J . twenty-four hours later No fatahties 

Ulrich beean ^w^ Blackman (9), 

actually mvolvpd ^ ^^rnptoms of staphylococcal food poisoumg, 

“tetine, and septeeC of *4 =“ 0 “ 

thfusual hborat?i°™ because none of 

the toxin A.! ^ susceptible to oral administration 

hut consirfproKj human volunteers have been used, 

value (47 i qa ® “ susceptibihty detracts from their 
expensive Furthermore, monkeys are rather 
subject K, laboratones, and the use of the human 

suggested fh ^®^®ehent Experiments by Borthwick (16) 
heduetotliP msusceptibihty of animals might 

J'efractorv mn stomach contents Usmg the ordmarily 

®yuiptoms nf f Borthwick was able consistently to produce 
eontents fn 7 q ^isomng by adjustmg the pH of the stomach 
^able fn rp j Bolman, Wilson, and Cockcroft (63) were 
A n ° these results 

problem of a smtable expenmental 
(63) ^ report of Dolman, Wilson, and Cock- 

'harrhea an!! ° ^®uioiistrated t37pical symptoms of vomiting, 
Ejection nf m kittens foliowmg the mtrapentoneal 

tormalmized or heated toxic filtrates This has 
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recently been confirmed by Gwatkm (112), Kupchik (160) 
Majors, Scherago, and Weaver (175), and by ourselves (un- 
published) The mtravenous injection of kittens or monkejs 
has recently been suggested by Davison, Dack, and Cary (51) 
as possessing certain advantages of sensitivity and economy of 
matenals 

A distingmshmg feature of enterotoxm is its thermostabilitj 
It IS not destroyed by exposure to 100°C for 30 mmutes Ther- 
mostabihty has recently been questioned by Rigdon (224), ivho 
was unable to produce symptoms m puppies or kittens follomug 
the mtraperitoneal mjection of a toxic preparation which had 
been heated at 100°C for two hours Unheated toxm not onlj 
caused vomitmg and diarrhea, but killed the animals within four 
hours It IS possible that the extreme length of exposure to 
heat might readily destroy any toxic factors present, including 
enterotoxm 


Formaldehyde m the concentration used in the preparation 
of staphylococcal toxoid has no destructive effect on enterotoun 
(63) Jordan, Dack, and Woolpert (134) reported that heatmg 
m the presence of N/lOO NaOH or N/lOO HCI destroys entero- 
^ toxin, and that the toxic factor is removed from acid aqueous 
solution by ethyl ether or chloroform It is non-volatile and 
non-dialyzable It is less readily adsorbed on filters than is 
exotoxm (262) Storage at low temperatures for 67 days weakens 


but does not destroy enterotoxm (134) 

Human subjects who have repeateddy taken enterotoxm b} 
mouth have shown only a low degree of tolerance (47) Posab j 
the enterotoxm was destroyed by the digestive juices, or e un- 
mated too rapidly to stimulate antibody-formation, for um 
mumty has been established m experimental animals 1> oo pe 
and Dack (262) produced active, but not passive, immumty m a 
rhesus monkey, protecting against oral and intravenous a 
tration of enterotoxm filtrates Dolman, Wilson, an 
(63) reported the production of active immumty and some 

of passive immumty m kittens Further ® T)a^x=on, 

gemcity of enterotoxm has recently been supplied } 

Dack, and Cary (51) 
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PeatSowttetS?'' f (60) ap- 

»<ier toac substanrl/ « *stmct entity, separable from 

differences m the^mnc! ? , f ^P^ococci This is indicated by 
serologic endence WMe f capacity, and by 

exotomc filtrates to f 

tiiat enteroW ^\taUv 

exotoxic factors as the W 1,^1 absence of such 

(60, 63, 160 262) Rn ' or hemolytic toxins 

capacity hai^e bppn ^ o^ proved enterotoxigenic 

(53, 239, 2S) ^0 liemotoxm 

^:lie action of e^rotoMn™/^^ diarrhea are not pecuhar to 
pathologic action of p i described above, a characteristic 
boS voLtin/ and animals is diarrhea, 

patients Higdon f224^ ajhea occurred m the Bundaberg 
after feeding sterile n„t vomitmg m puppies and kittens 

262), or bv npnf fteat or with formahn (63, 

substances after <= \ ^ both lethal and enterotoxic 

testinal swnnfomc, ® treatment produces only gastrom- 

enteroS r!^ Tl pharmacologic action 

has not been mvestigated 

In source of food potsomng staphylococci 

Produemg enfe3^ biochemical reactions the staphylococci 
tiuguishing them ^ ^ characteristics dis- 

^31, 160 232 9^01 “! P^^^^SeniG staphylococci (36, 45, 
provide no heco f'^ -^ggiotmm and agglutinm-absorption tests 
capacitv nf f differentiation (239) Although the entero- 
growth on ®raphyiococci may sometimes be restored by 

an attem f °^edium is not differential (232) 

^hy. Stone r56^ 9 ‘il food-poisonmg staphylococci cultur- 

ui a beef-evfVp 1 ^ proposed media contammg gelatm 

the basis f isolation and differentiation 

^gh degree g^^atm-hquefaction by enterotoxic strains A 
0 specificity was claimed Toxigemcity of his 
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cultures was detemuned by feedmg experiments with kittens 
and by epidemiologic findings Hucker and Haynes (129) 
found that enterotoxigemc strains hquefied Stone’s medium 
more readily than the usual nutnent medium Stone’s claims 
have not been confirmed m several recent reports (37, 63, 112, 
160), an important difficulty bemg lack of agreement between 
cultural and animal tests Grubb (111) has emphasized the 
importance of feedmg experiments concomitant vith in miro 
tests to identify enterotoxigemc strains of staphylococci, re- 
gardless of source The conclusions of Chapman et al (36), 
Hucker and Haynes (129), Chinn (37), and CogsweU, Kilbourne, 
and Kuhns (39) lose their effect because of lack of concomitant 
tests Furthermore, while between 60 and 70 per cent of strains 
of known food-poisonmg ongm have been reported to give a 
positive test on Stone’s medium, from 27 to 70 per cent from 
non-food-poisomng sources likewise react positively (36, 37) 
The substantial proportion of staphylococci from non-food- 
poisomng sources which give a positive Stone reaction must be 
reconciled with the claims for specificity of this tn miro method of 
differentiatmg food-poisomng staphylococci The hquefaction 
of gelatm is of course a property exhibited by many staphylococci 
The source of staphylococci responsible for food poisoning is 
of considerable epidermologic mterest The importance of 
staphylococci from bovme mastitis has been emphasized i 
Crabtree and Litterer (43), Gwatkm (112), Gwatkin, Sadwen, 
and Le Gard (113), and Shaughnessy and Grubb (232, ^ 
Small local supphes of raw milk on farms have frequentij een 
the source of outbreaks, but large urban supphes have not en 


phcated , i 

Euman sources of contammation are frequently less 
iwever, staphylococci of proved enterotoxigenic wpaci > 

;n isolated from human throats (239, 262) and mfec ' 

)), and m outbreaks of food poisonmg pathogemc s aphjloe 
re isolated from persons handling the foodst ^ 

:5, 187, 227, 260) The conclusion seems to 

outbreaks of food poisomng may be ^Jrce: 

itammation of food by staphylococci from bum - 
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“Pl‘'at.ons, and 

of Staph^coci producer ^ relatively few strains 

kigh m CO,) which mwht medium and an atmosphere 

indicated that enter ^ ^ associates (49, 146) have 

natural enLonme^t ““5' produced under 

In the cmtrT of f 'ake 

“I foods IS important P“'a°ning refrigeration 

controlhng stanhS ”f "“''’a “"a Problem In 

paateumation n n ' “ ‘"“‘'"I' 6“^=- ‘>“1 Pmciples of 
waeltr(23sTt,?“''ff^®'*”. Hack, and Jnnge- 

cnstard ^ Z »=an filed with 

flavor or ann™r. "?rr"® destroyed, with no alteration in 
The d of ffie product 

serum of p^so^x^h ^^S^otuuns for staphylococci in the 

fla«y and Grubb^asaf Vhr™® 

^any "normni’i m ^ t presence of such agglutinins in 
ciethod m towever, would seem to mvahdate this 

poisoning is usuallw ° cluneal course of the 

g IS usually too short to aUow antibody-formation 

differentiation between pathogenic and 
rroNPATHo genic staphylococci 

Pathogemc^st^T? bo^woen pathogemc and non- 
f^ons on thpen^ ylococci has constantly recurred m mvestiga- 
past inoL Vanous entena have been used m 

^bese may bp ^firomogenesis, and hemolysis To 

ferment maDnif i coagulase reaction and the abihty to 

studies The f received fresh emphasis m recent 

has been , “Pathogemc” is, of course, only relative, 
staphylococci ^43) mdiscrimmately when apphed to 

^der stnpflt^i ^ ^f^Pf^yfo^^occus may unply pathogemcity only 
°^ogic souTpp^ DDuted conditions That presumably nonpath- 
may yield staphylococci of pathogemc potential- 
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ity IS indicated by the reports of Thompson and Khorazo (243) 
and of Hallman (114) The former found that 21 per cent of 
191 strains from normal mucous membranes fell into a pathogenic 
group, on the basis of precipitm tests Hallman found that from 
40 to 60 per cent of staphylococci from the normal nose were 
potential pathogens, as mdicated by the coagulase test Hall- 
man’s results have been corroborated by McFarlan (189) 

The formation of golden pigment and the abihty to hemolyze 
erythrocytes are frequently associated with pathogenicity of 
staphylococci These critena, particularly chromogenesis, ha\e 
figured largely m many schemes of classification of these cocci 
However, it can no longer be assumed that either cnterion, per se, 
IS mdicative of the pathogemc potentiahty of any given stram 
of staphylococcus While it is undoubtedly true that the major- 
ity of pathogemc staphylococci are of the S aureus type, it is 
also common experience that there is considerable vanation m the 
degree of pigmentation Add to this the subjective difhculty 
often encountered in classifymg as S aUm or S aurm the 
borderline strains which produce pale or creamy pigment, and the 
difldculty of exact correlation of chromogenesis with pathogenicit} 
is apparent Recent evidence has shown unmistakably that 
senous attention must be given to S aJbus strains as possible 
pathogens (6, 27, 192) That the pigment itself (ivhich re 
sembles carotm) has no relation to pathogemcity or antigenicitj 
was shown by Panton, Valentme, and Dix (198), Goadby (/O), 


and Wright (263) 

Dissociation of S aureus into strains of vaned pigmentyon 
mcludmg S albus strains, was described by Hoffstadt an ou 
Tna.TiR (122), and by Pinner and Voldnch (206) The dissomo 
were nonpathogemc, but Pinner and Voldnch repore 
restoration of the 5 albus type to the virule^5 
by prolonged grovrth m homologous serum The 
restoration to virulence in mvo of an avmilent strain js - Bs 
by Hoffstadt and Youmans, and by Pmner 
provokes mterestmg speculation as to the role of ® 
to virulence m the hghtmg up of chrome 

Thirty years or more ago a number of mves ga 



the pathogenic STAPHl-LOCOCCI 123 

More pathogenicity and hemolysis 

the correlation nf / ^ emphasis with the repeated reports of 

in filtrates of lu dermonecrotoxin, and lethal toxm 

be rempmh^ ? Iw It must 

tor,„^ inhered that such correspondence can apply only to 

no Lmow“^'Th^ strams exist which produce 

agar with t^+ correlation of hemolysis on blood 

to above Tn titration of hemotoxm has been referred 

Parter (201) ° ^ expenences of 

senhpri u ^^nm and Forssman (76), and Burky (21), de- 

apph'le t'oT’ m 

of staphylocoTcr"^^^^ criterion of hemolysis to pathogemcity 

identffjr coagulase reaction has been established m 

72, 96^02^^! Sf potential pathogemcity (42, 44, 50, 

ewdpnf f,, ’ association with pathogemcity is 

(33 44 liS ^ correlation of better than 96 per cent 

plasma’ on ^ correspondmg lack of abihty to coagulate 

correk+ 7 nn nonpathogeme staphylococci This 

pronertipc ’ t P®^®^^®nce of the reaction when other in mtro 
PerformprJ u?’ simple techmque make it a readily 

The f ' ^^nable laboratory procedure of undoubted value 
Pathoeeni?^?*^^^°“ manmtol as an aid m differentiatmg 
use hv n has received repeated confirmation smce its 

(32, 33, 44, 65, 112, 114, 139, 243) 
cnteLn f ® ‘^n’^^elation (usuaUy 90 to 95 per cent) with some 
nppreciahl f^^^^^^emcity has been reported However, an 
from 11 f ® of nonpathogeme staphylococci, varymg 

fo fermpnt ^43), has been reported also 

Chan ^unmtol, rendermg this test less specific 
relate ^ coworkers (30-35) have attempted to cor- 

as mdic^I^^^^ determme their significance 

tation h pathogemcity Chief among these are pigmen- 
Preted in^^i coagulase reaction, which are mter- 

relation to each other Good correlation of these tests 
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TOth source of the strains has been claimed On the whole 
the results of Chapman and his associates serve to bear out the 
broad relationship between pigment, hemolysis, and pathogen- 
icity which has been assumed by many That exceptions occur 
in this general relationship is demonstrated by careful study of 
their tables and recorded results The ultimate emphasis on 
the coagulase reaction is apparent The limitations of source, 
pigmentation, and hemolysis as criteria of pathogemcity, referred 
to above, apply here with equal weight 
Additional tn viiro methods described by Chapman el ol 
mclude the “crystal-violet reaction” (30, 31), and the use of 
brom-thymol-blue agar (35) and phenol-red-manmtol agar (32) 
Well over 90 per cent correlation of tests m these three media with 
the major tn vitro tests of pigmentation, hemolysis, and the 
coagulase reaction was claimed by Chapman and his associates 


The brom-thymol'blue and phenol-red-manmtol media were 
proposed for isolation Neither is inhibitory toward other bac- 
teria, and it would appear that the existence of an appreciable 
number of mannitol-fermentmg nonpathogemc staphylococci 
would detract from the value of the phenol-red-manmtol medium 
for general use It may, however, be of particular value m 


isolatmg the cocci m cases of chrome conjunctivitis (244) 

In papers by Dudgeon (65) and by Winslow, Rothberg, and 
Parsons (261), the staphylococci are considered to be one large 
group w^ch mcludes organisms exhibitmg a vaned range of 
biologic and pathogemc capacities At one extreme is the 
deeply pigmented, hemolytic, manmtol-fermentmg, precipitw- 
formmg, pathogemc S aureus, at the other, approached by t e 
gradual loss of certam characteristics, is the white, posably non 
hemolytic, manmtol-negative, feebly pathogemc S ams, wi 
or without the capacity to form precipitins A somenha s a 
view is proposed by Chapman and his associates (3^ ccor 
mg to them, hemolysis, pigmentation, and the 
tend to disappear in the order listed, followed later ^ 

^,0 reaoSonB They have mteipreted *!■“ 
degeneration forms, as possessing varying J , ,I,t 

icity, as evidenred by them capacity to react P-cf™'!' 
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evidence supplied by 
-questionabb pathogenie, stapbyWci Z 

winch do not "degenerate” to strains 

In siimm certain ?n vitro capacities (53, 239, 262) 

proposed ^ number of m vitro reactions have been 

hemnlv ^ ^^^ntification of pathogemc staphylococci 
tie coagulase^ ma P^gnient-formation frequently paraUel 
render them , va nations occur sufficiently often to 

Based UDon flip suggestive at best 

With all nf fv, hterature and his own experience 

'ewwer tw ft ^^^'dered opinion of the 

indicator of + 1 , ^ coagulase reaction alone is a sufficient in vitro 
lermentatinn f P^^^°eemc potentiahty of staphylococci The 
It would seem°th^^^°^ supphes a valuable confirmatory test 
to multinlv f numerous in vitro tests setwes only 

reactions + nsion, particularly if one is forced by disagreeing 
^tions to postulate varjnng degrees of pathog^city 

SEROLOGIC CLASSIFICATION OF STAPHYLOCOCCI 
Agglutinins 

serologic rea rnade to differentiate staphylococci by 

ogenicitv a show some correlation between path- 

of the earhp^ ^ groups thus established Although some 
^®Ported sn^ heginiimg with KoUe and Otto (157), 

tectious sou^^ ^erentiation between staphylococci from m- 
t^sts, there saprophytic forms by means of agglutmation 

tion of Been no recent satisfactory distmc- 

In wSTf “““■ 

Strains, resnp Hme (119), studymg 25 and 81 

lo establish th ’ reported the use of agglutinm absorption 
staphylococci serologic groups, and two sub-groups of 

grouping Trnfi, ^n-nelle reported no correlation of serologic 
relatively m ^ nemolysis or pathogemcity, but he used the 
lew vimienc Borse erythrocytes, and recorded very 

^^spondence*^^ fl? ^ general, but not exact, cor- 

^“entation nf° rnajor groupmgs with pigmentation and fer- 
mannitol, but he recorded no attempt to demon- 
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strate animal pathogemcity Unfortunately in neither of these 
reports is it defimtely certain that reciprocal agglutinin-absorp- 
tion tests were employed While suggestive, the vahditj of 
their groupmgs must therefore remam m doubt, for, as pointed 
out by FitzGerald and Fraser (74), only reciprocal tests can 
provide accurate means of estabhshmg the identity of organisms 
Seedorf (231) used agglutinin-absorption tests to confirm types 
previously established by means of complement fixation Re- 
ciprocal agglutinm-absorption tests were used by Stritar and 
Jordan (239) m a study of 94 strains, and by Hopkins and Same 
(128) with an unstated number The former reported results 
similar to those of Hme, but no close correlation of biochemical 
reactions or of hemolysis with groupmg was obtamed Hopkins 
and Barrie established three groups, one containing frank!} 
pyogemc staphylococci, but considered their results as no more 
than suggestive of a relationship between groupmg and patho- 
gemcity It is probably significant that m essentially all reports 
on the use of these tests some strains of staphylococci could not be 
placed m any serologic group 


Prectjniins 

From several recent reports it appears that the ability of 
staphylococci to form precipitms may be correlated with patho- 
gemcity Dudgeon and Simpson (66) noted this correlatioi^ 
which also extended broadly to the production of pigment an 


fermentation of manmtol 

Burky (24) has demonstrated a correlation of precipitinogen 
with pathogemcity which was foimd to hold for about 75 straux- 
He established three groups on the basis of the ^ 

m rabbits of the mtravenous mjection of lO-day-old to 
tures or their filtrates One group was definitely ' 

kilhng rabbits withm two days, 

The second group produced no toxm, but ‘ 

one to 30 days with abscess-formation The thir ^ j . 
nonpathogerac Correlation of p I stimu- 

with groupmg was not exact Only Qroups^I and II 

lated the formation of precipitms, but both P 
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L nonS "“n Members of 

abfeS been 

atdutam h ““f ™ S''°"P“Ee by means of reciprocal 

a^utuun-absorption teste, and to correlate the groupine mth 

rabbits, the coagulase reaction, and the fer- 
nientation of mannitol (10, 13) 

retarof%“t 1''*®®''“''^ (140-142, 259) studied the possible 
In a f polysaccharides to serologic groupmg 

In a tudy of 16 strains two types were established on The Ls^ 

sera^ carbohydrates by antibacterial 

nonnati ^ Pathogemc group was designated as Type A, and the 

gemcifv ® assumption of patho- 

fpw r source of the strains, was confirmed with a 

strams by ammal moculation by Burky’s 
demnnijtr differences m the type carbohydrates was 

DrnHn f rotation, and by differences m the end- 

hydrolysis Neither carbohydrate alone 
anri ^ formation of antibodies A correlation of types 
Ju] manmtol was later reported (139) 

Thnm^^^ ^ ^ groupmgs have been confirmed and extended by 

^ 286 strains, and by 

to th T groups A and B correspond 

renoT ^ ® JuhaneUe and Wieghard In both 

showin established which represent strams 

geneoii^ ®®rologic differences from Groups A and B, and a hetero- 
grouDs strams which could not be allocated to specific 

With n reactions A general correlation of groupmg 

from^^ potentiahty is mdicated by the mclusion of 

of str (Cowan) to 78 per cent (Thompson and Khorazo) 

^ewis^ human infections m Group A These strains 
tive of I'he properties generally considered as mdica- 

coaeiil P^^hogemcity, such as pigmentation, hemolysis, the 
^^d fermentation of manmtol 

on tlT^^ proposed a classification of staphylococci based 

logic ^°logic activities and precipitm reactions The bio- 
Propos (146 strains) represents a modification of that 

6 m 1907 by Andrewes and Gordon (2), with the addition 
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of hemolysis Pigmentation is not considered m Cowan’s schema 
inose strains causmg hemolysis are mcluded in the species 
S pyogenes, which is further subdivided mto vaneties «, p, and 
a /3, accordmg to whether they produce one or both of the hemo- 
toxins descnbed by Glenny and Stevens S pyogenes a and 
exP strains ferment manmtol The nonhemolytic strains, which 
usually do not ferment manmtol, are classified as S epidemtdis 
A general, but not exact, correlation of the biologic and serologic 
classifications is observed 

The possible influence of dissociation upon the antigemc 
relationships of staphylococci has been suggested by the work of 
Hofifstadt and her associates (120-124) S aureus was disso- 
ciated mto several rough and gomchal forms, differing from the 
ongmal stram m biochemical and antigemc reactions, and in 
virulence They showed that the smooth, rough, and gonidial 
strams each possessed a distmct antigemc mosaic, as demon- 
strated by agglutinin reactions Specific soluble carbohydrates 
were produced from both the smooth and rough forms, and 
recently the changes m structure of the bacterial protems dunng 
dissociation were studied 

In summary, it would appear that a broad division of staphylo- 
cocci mto pathogemc and nonpathogemc vaneties may be made 
on the basis of precipitm reactions That further subdivision 
might be possible is suggested by the establishment of groups 
showmg vaiymg degrees of serologic relationship The necessifj 
of mcludmg a number of strams, chiefly nonhemolytic, m one 
“unclassified” group mdicates the heterogeneity of these organ- 
isms, which may or may not be clarified by further mvestigafion 
It may be that the presence of antigens common to the species or 
of antigemc mosaics which are not readily distmguishab e ma) 
mterfere with attempts at a finer subdivision of the species 


MODE OF INFECTION BY STAPHYLOCOCCI 

As a result of the recent work on staphylococci, 
have received particular emphasis as ,7l°sTaph}Io- 

pathogenesis of staphylococcal infections ^ ^ jj,. 

COCCI have long been recogmzed as due 

recently been suggested that their pathoge 
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iin““ '“o’*" py“e®““ 

and antitoxin* h * basis staphylococcal toxoid 

titoxin have received wide therapeutic tnal 

Po-^sibk tW f observations it appears quite 

devplnnn?^ ^ staphylococcal toxin may contnbute largely to the 
p_ lesions, but care must be used m applymg the 

interpretation of the pathogenesis of 
d^s of^ f remembered that rather massive 

lethal tnvin™^ expenmentaUy Although 

its rdlp in T, ^ dramatic effect m expenmental animals, 

a fatal infections is probably subordmate However, 

tnnpa Via ^ acute staphylococcal infections may some- 

and 7 «! rapid, with httle evidence of mvasion by the cocci, 

be tnip^°f ^ lethal toxm This would seem to 

vasciiJoA ^ Bundaberg senes Although mtra- 

venmis ®°io^ysis IS frequent m a nima ls dymg after the mtra- 
rememb^i^^!!?^* exotoxm (143, 192, 193, 262), it must be 
w vtlrn i + human eiythroc 3 des are relatively insusceptible 
that ~h ° a-hemotoxm, and it appears probable 

festab plays only a relatively mmor r61e m this mam- 

heniot^^ pathogenesis of human infections The P- 

pathoff^ nkewise does not appear to be related to human 
animaWm ^o ^ particular pathogemc importance for 

That f ’ 182) 

develon ^ may play an important part m the 

Thvfrpo conjunctivitis was suggested m recent work by 

coniun*!^^ Allen (1), who were able to produce 

appear certam staphylococcal filtrates The cocci 
but d ° “®^®lop m the conjunctival secretion or on dead cells, 
The° ^he epithehum of the conjunctivae (244) 

Pijecti lesions of the jomts expenmentaUy by the 

and bv\° has been reported by Bnmschwig and Jung (18) 
coccal t (220) In considenng the relation of staphylo- 

ahould b°^ development of the conditions descnbed, it 

^aported^f^n°^^°^^^^^^ simdar pictures have previously been 
anrl T, chowmg the mtraarticular mjection of vanous specific 
=“b^tance8 (148, 149) 

6 roles have been attnbuted to staphylococcal coagulase 
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and fibrmolysm m the estabhshment or dissemmationof mfecdons 
This has been suggested on the basis of their demonstrated 
reactions in mtro, but lack conclusive experimental proof Thus, 
it has been postulated that coagulase might be responsible for 
the formation of thrombi (44, 88, 106, 108) In the experimental 
work of Kellaway, Burnet, and Williams (143), and of Fisher 

(72) , intravascular clottmg was not obtamed, nor did Fisher 
find any significant amount of thrombosis in 27 autopsies of 
cases of septicemia due to S aureus That fibrmolysm might 
play a part m hberatmg infected emboh is suggested by Fisher 

(73) and by Cruikshank (44) 

The pathogemc importance of staphylococcal leucocidm has 
been repeatedly emphasized, with but httle experunental evi- 
dence, except m the reports of Panton and Valentme, and Valen- 
tme (197, 248), who found a reasonably close association of leu- 
cocidm-production with certam types of human staphylococcal 
infection It is to be hoped that conclusive proof of the rdle 
of leucocidm may soon be forthcommg 

Based upon a series of studies on staphylococcal immunitj, 
Forssman (78-85) strongly objects to the emphasis placed upon 
staphylococcal toxins and antitoxins Accordmg to him, im 
mumty to staphylococci depends on a hitherto unknown anti 
body, which he describes as the “resistance factor ” Following 
a course of mtravenous mjections m rabbits of a formahnized 
vaceme, both active and passive protection were reported against 
the subsequent mjection of lethal doses of hvmg staphylococci 
Protective sera contamed little or no antihemotoxm or ani 
dermonecrotoxm In contrast to the development of ot er 
antibodies, the resistance factor reached its maxunum e ec ive 


ness at a considerably later period , 

Kitchmg and Farrell (150) and Dowme (64) could , 

orate Forssman’s earher work This may be understo 
hght of his subsequent work, for their protection os 
apparently done durmg the mterval before th^sera 
attam then maxunum value It does not, how ' , ^1, 

for the failure of Flaum (75) to protect jjyn Smith 

most identical with that used by Forssman Lleweuyn 
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(170) attributed the sumval of rabbits in similar experiments to 

£ discount 

ZtlTj " °i Pilose sera 

mT amount of antitoxm 

^^^Sely m the 

It ivoidd annenr^^fr^ assumed until recently, 

active or nn ^ ^ repeated experimental demonstration that 

awToir" ^“titoxic immumty does not 

although thp protection agamst hvmg staphylococci, 

prolong flS 9 fiX^n e^enmental animals is often 

222 Sf 170, 191, 199, 200, 210-213, 

prevent fh. ^ “unmumty» does not necessarily 

The pynpr, development of locahzed lesions (79, 84, 170) 

observSoX^^^l "’^P^'^tedly confirmed by chmcal 

ported ^ osteomyehtis, where they are sup- 

(20) that^«X ^’^d Hallman (12) and Buchman 

chroni7nr following toxoid therapy m 

disease °^yolrtis had no effect on the chmcal course of the 

to mvaS^X^^^ ^^dity of staphylococci 

course pE establish themselves therem It is, of 

tend to j staphylococcal infections that they 

definitelv 7 ® ^ tissue or organ affected, where, withm a 
and thpTr area the mjurious action of the cocci 

^ certain intense It appears probable that 

any abUit-. + P°Sonic staphylococci this capacity far outweighs 
j^aouity to produce toxm 

demoiw^H ^^'^dies upon inflammation Menkm (176-180) 
among whip}^ c ^ effect of powerfully necrotizing irritants, 
blocking ff <iureus was particularly potent, in mechanically 
imt^f rninry, and preventmg dissemination of 

demonstrat rl blockage had occurred could be readily 

blue or b ^ inabflity of the lymphatics to remove trypan 

flanunation^ ^ ^hich were mjected mto an area of acute m- 
hkewise b^fi bacteria mjected mtravenously could 

c fixed at a site of inflammation These findmgs were 
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confirmed by Dennis and Berbenan (54) The phenomenon 
suggests the action of staphylocoagulase (126), but Menkm and 
Walston reported that staphylocoagulase is unrelated to the 
substance which induces rapid obstruction of the flow of lymph 
(181) Menkm suggested that the active pnnciple may be simi- 
lar to staphylococcal leucocidm smce filtrates causing the reaction 
brou^t about swelhng and vacuohzation of leucocytes 
Duran-Reymals (67, 68) has described a soluble “spreading 
factor” produced by staphylococci and other bactena, whose 
action m enhancmg infection is similar to that previously found 
by him m vanous animal tissues, particularly m testicle The 
active pnnciple is non-specific in its action, and is produced by 
many pathogemc staphylococci, m which it is generally correlated 
with chromogenesis and hemolysis 


CONCLUSION 

The past several years have witnessed definite advances m 
knowledge of the staphylococci, particularly with regard to their 
soluble toxic substances Although simplified methods of 
producmg toxm have been developed, staphylococcal toxins 
have yet to reach a degree of purification where their propertie. 
and biologic action may be mvestigated with httle mterference 
from contammatmg substances The identity and ‘ 

tionships of the several toxic factors remain to be ® 
accurately The exact relation of the toxins to 
of staphylococcal mfections demands further study 
mtelhgent approach to the therapy of at 

requires more information on these matters 
serologic classification, and a correlation o 
gemcity, appear to mdicate some degree o ®®P^ varieties 
of pathogemc potentiahty from the nonpathog 
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THE BACTERIAL CULTURE CYCLE AND ITS SIGNITTCANCE 

Our knowledge of this subject may be considered to have begun 
With recognition of the fact that bacteria transferred to a culture 
medium suitable for their growth exhibit a period of delayed 
multiphcation or “lag ” Specific study of the problem dates at 
east as far back as the observations of Muller (1895) He recog- 
iimed three phases of the early bactenal culture cycle, lag, loga- 
w nunc increase and slackened growth and followed Buchner, 

, Riedhn (1887) m computmg generation tunes durmg 

® oganthimc phase by the formula 

G = Tlog2 
log b — log a ' 

where T represents the time mterval, and b and a the final and 

brill cells In the same year. Ward (1895) m a 

ant and exhaustive study of Bacillus ramosus also deter- 
nha^ Smieration tunes and demonstrated the three fundamental 
acceleration, maximum acceleration and reduce 
the nJu ^RTthermore, he mdicated clearly the effect upon 
of tho temperature, of hght rays from the violet en 

substanc^^^^’ oxygen, of dilution and of antisep ic 

phases of the culture cycle were analyzed m a broader sense 

147 
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by Rahn (1906) and Lane-Claypon (1909), ^vbo recognized four 
phases, lag, logarithmic mcrease, stationary population and de- 
crease McKendnck and Pai (1911) attempted to explain 
assumed changes m growth rate during the culture cycle as 
manifestations of autocatal 3 rtic reactions, the govermng factors 
at any moment bemg bactenal numbers and amounts of avail- 
able nutriments Chesney (1916) made valuable contributions 
to our knowledge of the culture cycle, as did Buchanan (1918 
and 1925) who recogmzed seven phases, instead of four,— initial 
stationary phase, lag phase, phase of logarithmic increase, phase 
of negative acceleration, phase of maximum stationary popula- 
tion, phase of acceleratmg mortahty and phase of logantlunic 
mortahty 

The lag penod was specifically studied by Heheverth (1901) 
and Whipple (1901), although the phenomenon had been noted 
by many earher bactenologists m connection with multipbcalion 
of bacteria in water samples and m relation to the “bactencidal 
properties of milk ,” (for further references, see Winslow, 1928) 

It was carefully analyzed by Rahn (1906), Coplans (1910) Pen- 
fold (1914), Ledingham and Penfold (1914) and Chesne} (1910) 

That the phenomenon of lag had a biological basis was indi- 
cated by Muller (1895) who showed that when cultures of differing 
ages were used for moculation mto a new medium, the generation 
tunes m the new medium differed widely T\Tien the source cul- 
ture of typhoid baciUi was 2f to 3 hours old, the generation time 
was 40 nunutes m the new medium, when the same culture was 
6j hours old the generation tune was 80 to 85 mmutes, when t e 
source culture was 14 to 16 hours old, the generation 
160 nunutes Similarly, Barber (1908) and others showe s 
when transfer was made from a culture m the loganthmic p a,^ 
to the same medium and under the same conditions, e ne 


culture multiphed at once at a loganthmic rate 

It was MuUer again, m 1903, who first studied the chemcJ 

activity of bacteria at vanous stages of formed 

not draw any conclusions as to the ratio of ^ 

to bacterial numbers but comparison of the van 
paper makes it clear that the amounts of carbon dioxia 
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greater in the 

recognized at a phenomenon was clearly 

^or heat nrndi Jjrter date by Bayne- Jones and Rhees ( 1929 ) 

of carbon J c" hberation 

turt S characteristic of specific phases of the cul- 

CQces ^ Mnn. various liarmful enAnromnental influ- 

^ere chaLeLT^!i^ showed that very old cultures 
merely to resistance, but this might be due 

discovery bv^R^^f significant was the 

andearlvlna (1911) that young cultures m the lag 

fiian thL f sensitive to heat treatment 

aoce incrppc ^ ^ population curve and that resist- 

mum ponu]p+ ^ stage of the phase of stable maxi- 

Schultz pnA -D T /-, striking results were reported by 

treatment These authors found that a given heat 

bacilh from oo ™riutes) killed about 95 per cent of colon 
resistance Hp ^ ^'j^rite culture In shghtly older cultures, 
Occurred ^ hours 100 per cent destruction 

7-hour to 1^ mcreased agam so stnkmgly that 

fbe same h f + ^ ®riltures showed no reduction whatever under 
chemical + reatment A markedly low resistance to harmful 
he char^^f ^ demonstrated by Sherman and Albus (1923) 
fhese auth^^ eristic of the lag and early logarithmic phase and 
highly frui+f^T basis of their experiments, developed m a 

^Pphed j-i, ,°^^riner the concept of "physiological youth” as 

A fonrtl, ^ 'y* 

had hfr® phase of "physiological youth” 

hy Henrici Ciqo^^ described by Clark and Ruehl (1919) and 
fhat certai ^ 1928) These mvestigators demonstrated 

only phases of the culture cycle are charactenzed 

resistance t rnultiphcation, high metabohe activity and low 
hy higbty h harmful environmental conditions but also 

hcine in rr ^ ^racteristic types of morphology, the individual cells 


hciugin a “''‘'^aasuc types ot morphology, the individual ceils 
(1926^^^^^ rauch larger than m the maturmg culture Wd- 
raonstrated the same phenomena by a comparison 
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of plate counts with measurements of the opacity of bactenal 
cultures 

Fmally, a fifth differential charactenstic was descnbed by Mac- 
Gregor (1910) and by Sherman and Albus (1923), who recorded 
that young cultures were more resistant than old cultures to acid 
agglutmation Shibley (1924) demonstrated that m the early 
phases, the electrophoretic charge on the cells was much less than 
at a later penod 

The fundamental biological significance of the bactenal culture 
cycle was perhaps first clearly recogmzed by Hennci In one 
of his earher papers (Henrici, 1925a) he says 


The cells of bactena undergo a regular metamorphosis dunng the 
growth of a culture similar to the metamorphosis exhibited by the cells 
of a multicellular orgamsm dunng its development, each species pre- 
senting three types of cells, a young form, an adult form and a senescent 
form, that these vanations are dependent on the metabohc rate, as 
Child has found them to be m multicellular orgamsms, the change from 
one type to another occurnng at the pomts of inflection m the growth 
curve The young or embryonic type is mamtamed dunng the penod 
of accelerating growth, the adult form appears with the phase of nega- 
tive acceleration, and the senescent cells develop at the beginning of 
the death phase 


The same theme was developed m his later monograph {Hen- 
rici, 1928) as follows 

The acceptance of this theory demands the acceptance of certain 
corollaries If it be granted that the cells of bactena undergo a meta 
morphosis of the same kmd as that exhibited by multicellular organ 
isms, then it must be granted that to this degree a population of free 
one-celled orgamsms, even though those cells have no connection o er 
than the common nutnent fluid which bathes them, ^ * 

individual There has already been accumulated a great deal - 
dence of other kinds to support the idea that there is no ^ 

ence, that there can be drawn no hard and fast hne, ® 

of one-celled organisms and multicellular indivi ^ 

plant or animal is but a population of more highly ^ 

But there has been, in the past at least, a jj 

differentiation in multicellular organisms as being 
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orgamang agency peculiar to such individuals If, however, we find 
m cultures of micro-organisms vhere no such govermng agency can 
he supposed to CMst, a differentiation of cells, e\ en though % ery pmm- 
tne, we are forced to conclude that such is not the case, that the high 
degree of orgamzation of higher organisms is a result and not a cause of 
the high degree of cell differentiation 


■A-cceptance of the vahdity of this analogy between a bacterial 
cidture cycle and a multicellular organism clarifies very greatly 
the long conflict between pleomorphists and monomorphists m 
t e field of bacteriology One group has assumed a bactenal 
^6 cycle” governed by some inherent biological tendencies, the 
°fiier group demes that a cycle of any kind exists Both perhaps 
3*6 wrong and both right One of us (Wmslow, 1935) has pomted 

out that variations m bacterial morphology and physiology cer- 
^ y do exist but that their succession is governed by envi- 
ronmental and not automatic inherent factors Furthermore, 
rs precisely what occurs with higher forms of hfe where the 
organism as a whole forms the environment for its mdividual cells 

^ot assume then, that with all hving cells, the life cycle 
gj ^r as the mdividual cell is concerned — is a cycle of simple binary 
ph phenomena involving change m cell morphology and 

cou^f ^ oychcal nature are responses to changing environmental 

oitions and not the result of any inherent tune mechamsm If a 
Organism shows a definite senes of morphological and physio- 
are IV m response to certain changes in environment which 

^ y ^^0 Occur with reasonable frequency m its natural life we may 
^ a hfe cycle” if we wish or we may call it something else In 
ordy kmd of life cycle (other than bmary fission) 
Ip tVi ®^our in umcellular and relatively simple multicellular forms 
comnl^ Iho bactena have hfe cycles When we find a more 

(lelat more regular hfe cycle m the higher plants and amma 

^udependent of external environment), it is because tern 
file ^°^Iups of the complex orgamsm produce a cychcal change in 
lakes ouvironment which is comparable with the change v c 
cell vq ^ ^ bactenal culture and which affects the individual o y 
^cgapis^ uppch as the cultural environment affects the umce r 

(Winslow, 1935 ) 
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The study of the baetenal hfe cycle is, then, the bacteriological 
equivalent of the study of embryology, adolescence, maturity 
and senescence m the higher forms It is the purpose of the 
present article to review m orderly fashion some of the things 
we know about the earher parts of this cycle— those included 
under the Buchanan phases of imtial stationary, lag and loga- 
rithmic growth No attempt will be made to cover all the htera- 
ture, which would be impossible m so vast a field, but certain 
significant and typical data will be cited in regard to each essen- 
tial point 


THE PHASE OF ADJUSTMENT 


Muller, m his remarkable pioneer paper of 1895, pointed out 
that an inoculum from a young typhoid culture showed a much 
shorter generation time in a new medium than did an inoculum 
from an old culture His conclusions did not deal specifically 
with the lag period but the length of that period obviously influ- 
enced his generation times This is true of many data cited m 
the present section Their use as illustrative of factors governing 
the imtial stationary phase seems justified, however, since it is 
the length of this phase which chiefly deteirames early generation 
times Hehewerth (1901) made similar observations Barber 
(1908), working wnth a rmcroscopic counting method, first showed 
conclusively that if transfer be made to an identical medium from 
a culture in the stage of logarithmic mcrease both stationary 
phase and lag disappear and multiphcation contmues at once in 
the new medium at a logarithmic rate Lane-Claypon (1900) 
Penfold (1914) and Chesney (1916) demonstrated the same phe- 
nomena Buchanan (1928) m his general review of baetenal 
growth curves stresses the fact that transfer from any phase o 
the culture cycle to an identical medium is followed by continu 
ance of the phase which had been reached by the parent cu ure, 
cultures inoculated from either initial stationary phase, ag p 
or logarithmic phase, starting m the new culture where e. 


''larptae” ^ — riy appW “ ‘‘"^1 
preceding the onset of loganthmic growth, and Lc i gha 



EAKLIER PHASES OF BACTERIAL CULTURE CYCLE 153 


Penfold (1914) and Slator (191 7) even attempted to formulate a 
mathematical expression to describe increase in numbers durmg 
this period Such an analysis does not seem very profitable when 
one considers what radically different processes are at work 
Buchanan (1918) was clearly correct in separating a primary 
phase of initial stationary'- population from that phase charac- 
terized by mcrease at a rate less than loganthmic We prefer, 
ho-wever, to call this entire penod “The Phase of Adjustment ” 
Instead of the population being stationary during the first mmutes 
or hours after inoculation it may often show a marked decrease 
The essence of this phase of the bacterial culture cycle is the 
adjustment of the inoculated cells to a new medium Its course 


and its length depend on the character of the moculated cells 
and the nature of the inoculated medium We agree m part -with 
Eershey (1939) when he attributes the lag phenomenon “to 
initially unfavorable conditions of growth” , but we cannot agree 
that this phenomenon is “qmte distinct from any pecuharity 
inherent m the cells ” Whether a given condition is unfavorable 
or not may very clearly depend on pecuharities inherent in the 
oells, as shown by many observers, from Reichenbach (1911) to 
bherman and Albus (1923) 

do, however, concur with Hershey m his contention that 
^ on a bacterial culture is inoculated mto a favorable medium, 
^n imtiaHy slow rate of mcrease in cell numbers cannot be mter- 
preted as indicating “lag,” in the conventional sense of low 
^ ^ ty Most of the early work on this problem deals with cell 
t^ srrd, since we know that in the early phases of 

0 c ture cycle individual cells are of large size, a slow mcrease 
CO numbers may not necessarily mean a slow mcrease m 
she Hershey and Bronfenbrenner (1938) and Her- 

a? ^ have shown that when source cultures of different 

of rised to inoculate a highly favorable medium the rate 
per ^ bacterial mass and the rate of oxygen consumption 

EQass m the secondary culture is the same for both 
(Wien A cultures In a more recent paper, Hershey 

laipri p ^^^^hes even more conclusive experiments He culti- 
srichia coll m peptone beef-extract broth and for source 
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raltures used 3-hour and 24-hour portions of this broth culture 
these portions were inoculated into the same medium and the 
increase in bacterial mass was measured by a photoelectric 
nephelometer Simultaneously, determmations were made of 
bacterial mtrogen and of rate of oxygen consumption Dunng 
the first two or three hours of growth in the secondary cultures, 
the inocula from the young primary cultures showed a much 
slower rate of cell multiplication than the inocula from old pri- 
mary cultures but the same rate of mcrease in total protoplasmic 
growth, as measured by either nephelometer readings, mtrogen 
deternunations or oxygen consumption What actually happens 
IS that the cells from a young pnmary culture develop just as 
rapidly in total mass in the secondary culture as do the cells 
from the old culture , but they dmde less rapidly 

Unpubhshed nephelometer studies made in the Department of 
Pubhc Health of the Yale School of Medicine fuUy confirm these 
conclusions of Hershey, and show that the actual rate of increase 
of bacterial mass is nearly constant from the tune growth actually 
begins up to the attainment of a maximum population The 
“lag” in rate of cell-increase is therefore largely a result of delayed 
cell-division 

The “lag phase,” as ordinarily defined by cell counts, may in- 
clude two quite distinct phenomena, a period of adjustment, 
characterized by bactericidal or bacteriostatic processes and a 
period of normally rapid increase m mass with a low rate of cell 
division In a very favorable medium, such as Hershey s, t e 
fiu-st period disappears, in a very unfavorable medium the secon 
period disappears It is difficult to distinguish the tvo proce^ es 
if cell-mass determinations are not made, and the resu s o 
Muller, Hehewerth, Barber and other mvestigators cite a ov 
were no doubt chiefly detenmned by delayed cell-division Ut n 
data, however, clearly point to temporary bactenci a o 


teriostatic influences .^fmcliirlion 

For example, injury to the inoculum j fp^nd 

into the new medium will prolong ^ , much-delaied 

with prolonged chilhng Sturges age which bad 

development of colomes on plates seed 
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been partiaUy disinfected by copper or sulphurous acid ^ 
(1923) reported similar results (measured by 
foUowmg heat treatment Recently, HoUaender and 
(1938) found that after exposure of fifths of 

marccscene to ultra-violet radiation '"’XS an 

the ceUs the survivors, when moculated into broth, showed an 

mitial increase, followed by prolonged lag nr 

The phase of adjustment, as characterized by a 
decreasing population, was demonstrated by the early - 
tions on bacterial changes m water samples (review 
slow 1928) where the alteration of the environme 
placmg a sample in a bottle is usually sufficien o c - 
porary decrease m the mixed bactenal flora presen jj„-, 

that the bactenal count of a milk sample drairo 
shows a similar decrease was first pomted out y o ' , ’ 

and there is an enormous literature on the bac ^ Sher- 
of milk,” a problem recently discussed by Litt e ( ) 

man and Curran (1924) showed that a pure cultme ^ ^ 

coccus lactis, transferred m the stage of rapid m ip , 

autoclaved milk, showed no lag but, if trans ene o 
claved freshly drawn aseptic milk, did show a rie ag 
an hour Sherman and Cameron (1934) found that 
from a peptone medium at 45° to the same me ^ ^ 
nee versa and transfer from a peptone medium to e s 
dium plus 5 per cent NaCl or vice versa all showe a co 
mitial mortahty m the new culture 
The results of Wmslow, Walker and Sutermeis er ^ , 

of special mterest m this connection The strain o derated 
cob studied by these mvestigators was cultiv^e m a 
peptoue medium The addition of 0 1 M NaC to 
led to an imtial decrease in numbers (mstead o t e n 
characteristic of the plam peptone) followed by a m , n g 
loganthime rise and a higher final peak The a , ^ ^ 

hi NaCl caused a much greater mitial decrease, o 
delayed nse and a final peak lower than that P m-ntinuing 
The addition of 1 25 M NaCl led to a prompt c°ntm^g 
dechne in numbers Thus, we may find either a s 
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a steady decrease or a decrease followed by an increase, depend- 
ing on the concentration of salt present 
An extremely important pomt affecting the adjustment of the 
organism to its new environment is the influence of the amount 
of moculum mtroduced Wildiers, as far back as 1901, showed 
that, even m a supposedly ideal medium, a very small inoculum 
of yeast failed to develop He concluded that jeast requires 
for Its development an unknown substance ("bios”), soluble in 
water, dialyzable, difllcult to alter or precipitate but destrojed 
by mcmeration Hahn (1906), working with bacfena, discussed 
this problem and concluded that heat-stable non-filterable sub- 
stances formed by the bactena were necessary for T nayimiil 
multiphcation Penfold (1914) cnticized Rahn’s work (which, 
in fact, did not bear clearly on the lag phase on account of the 
long time-mterval employed) Yet Penfold hunself found that 
very small mocula did mcrease lag He considered that lag was 
chiefly due to the lack of intermediate bodies mvoKed m the 
synthesis of proteins Chesney (1916) added the interesting 
observation that an moculum of washed cells showed a greater 


lag than one of im washed cells Robertson (1923) discussed the 
problem from a broad biological standpomt and explained it on 
the ground of an autocatalytic theory of growth 
Walker (1932) demonstrated, m a particular case, that the 
length of the lag period can be directly controlled by concentra- 
tion of carbon dioxide, which Valley and Rettger (1927) haie 
shown to be essential to bactenal growth W alker found ® 

multiphcation of Escherichia coli m a sjmthetic medium co c 
mdefimtely delayed by aeration of the culture with air free rom 
carbon dioxide while growth could be initiated at am 
by intermittmg the removal of carbon dioxide He cone u c- 
that "the phenomenon of lag may be due largely, if no en ir ), 
to the tune it takes the culture to build up the CO* ^ „ 

medium or of the cells themselves to a value essential tor ^ 

These conclusions were extended to a wide ^ ° 
species by Gladstone, Fildes and u jldi'”' 

It may be that carbon (bojide represents the 1»» . 

and the •'mtemied.ate bodres" of Penfold Such a 
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mght toU explain the influence of the eiae of inoculum upon lag 

however, m clai min g that 
>s necessarily the only factor at work It is probabfe that 

one in w factor and it certainly was the controUmg 

under Ofierfactorsmay, however, be mvolved 

under other circumstances 

in medium is, of course, another factor 

mstnnr. ^ ^ phases of growth Coplans (1910), for 

tn « n ^as increased by addition of dulcitol 

medium and was greater in unheated than m heated 

Z;, f showed that early generation 

tion<; T iyphosa were increased by decreased propor- 

alnf.nr peptone water and decreased by addition of 

wlipr, Walker and Sutermeister (1932) found that, 

COi-free au-, growth was easily mitiated in 
svniL peptone while lag lasted indefinitely m a Dolloff 

concentration and oxidation-reduction poten- 
the r ^ course, among the most important factors governmg 
showed f ^ bacterial reproduction Cohen and Clark (1919) 
of nF fL ^ bacterial types that there is a broad zone 

are fa 1 T' ^ ''i^hich rates of logarithmic mcrease in cell numbers 
change ^ but that on the borders of this zone, very shght 

The ^ PH produce a marked decrease m reproductive rate 

more pronounced m alkaline than m acid 
IS mdw f ri other factors than pH may enter mto the picture 
ent fn,. ^ ^ ^he border of acid tolerance is differ- 

Tddes TZ hydrochloric acid 

tion of found that the penod required for the germina- 

the Olosindium tetam was primarily detenruned by 

that gr'^^Z the medium Dubos (1929) reported 

®^oat-inf ^ pneumococci, streptococci and staphylococci m 
PotentiaI^^^°^ broth was dependent on a smtable reduction 

^clated^t^' fongth of the stationary phase is, of course, directly 

^^Dnl ^,,^®®P®^^ture This was shown for water samples by 
® ( 901) by MuUer (1903) by Penfold (1914) and by many 
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others A recent study by Anderson and Meanwell (1936) of a 
^ streptococcus (cultured m nulk) showed a lag of half an 

hour at 42°, one hour at 37°, two hours at 30°, and 26° and three 
hours at 20° 

Jahn (1934) has recently reviewed the problem of population 
growth in the Protozoa and finds essentially similar phenomena 
He hsts food supply, presence of waste products, pH, tempera- 
ture, CO 2 , oxygen tension, oxidation-reduction potential and 
hght as the chief factors influencing development 


THE PHASE OP PHYSIOLOGICAL TOUTS 

If the medium be potentially favorable, a time at last am\es 
when the process of adjustment between moculum and medium 
IS complete, either by selection of better adapted cells or bj 
accumulation of carbon dioxide or other necessary substances 
At this pomt the imtial phase of stationary or decreasmg popula- 
tion ceases and the phase of physiological youth begins The 
change will not, of course, occur simultaneously with all the 
cells present m a culture If we may \TSuahze a gi\en indmdual 
cell at this point it will presumably have the general character- 
istics of the ongmal moculum We may assume that the inoc- 
ulum was taken from a parent culture m the phase of maxunal 
population, smce that is the condition under which a complete 
life cycle is manifest Under such conditions the culture in its 
early lag phase will have the following general properties 
The cells will be characterized by relatively low pbyswlogjca 
activity (Martm, 1932, Mooney and Winslow, 1935, Hunting- 
ton and Winslow, 1937) , relatively small size (Bajme-Jones an 
Sandbolzer, 1933, Clark and Euehl, 1919, Hennei, ^ 925 , 

1928), low multiphcation rate (Rahn, 1905) Coplsa^ ' 
Lane-Claypon, 1909, Penfold, 1914, Ledinghnin and Be^ow, 
1914), rather high resistance to unfavorable conditions t^c 
and Ritz, 1910, Sherman and Albus, 1924, Elhker an t& ^ , 
1938) , and relatively high electrophoretic mobiht} j* ^ 

As soon as the process of adjustment is compete , > 

ceU m its new medium passes mto a phase of pbj'sio gi 



EAELIER PHASES OF BACTERIAL CULTURE CYCLE 159 

ch^actenzed by active metabobsm and rapid increase in mass 
out at first — with delayed cell-division 
The morphological and physiological manifestations of youth- 
simultaneous Huntmgton and Winslow 
however, have shown that with Escherichia coli, Sal- 
none a pullorum and Salmonella galhnarum m an aerated me- 
sl imtial mcrease and the peak of metabohc activity 

g y precede the mitial increase and peak m cell size In 
Gig sets of experiments with these three orgamsms m three dif- 
eren media, the ratio of cell size for the one-hour culture as 
compared with the 24-hour culture was close to umty m six m- 
^ances and about 2 in the other two mstances The correspond- 
fr^ ttietabohc activity was umty m two instances and 

om to 16 m the other six instances Martm (1932) considers 

metabohsm to be simultaneous, but 
g simultaneous'' mcreases represent observations at the 

res mterval in the case of cell size and cumulative 

acf + entire correspondmg mterval m the case of metabohc 
results, too, fit the theory that mcreased metabohc 
y IS the first evidence of physiological youth 

Metabolic activity 

iugh metabohc activity for the early phase of 
Muller cycle was first mdicated m the remarkable study of 
cell He does not give strictly comparable figures for 

dio ^°-d metabohc activity, but does show that carbon- 

of mt ^ H 2 S-production and formation of products 

decomposition all reach a high peak m the early 
met ^ culture cycle If one may assume that, m these 

asth ° ®^^dies, the rates of multiphcation were the same 
bolic^^^ by Muller m his other tables it is clear that meta- 
g activity per cell was enormous durmg the early lag period 
tors Rhees (1929) were perhaps the first mvestiga- 

hour actual data on metabohc activity per ceU per 

ligjjl ^ different penods of the culture cycle They studied 
production in cultures of Escherichia coli and Staphylococcus 
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mrem Their most striking results were for E coli in peptone 
broth, where the gram-calories of heat produced per cell nere 
60 X 10-» at one hour, 198 at two hours, 130 at 3 hours and 75 
at seven hours, but their other experiments mdicated the same 
general relationship With E coh m plain broth, the increase 
was more than eightfold Wetzel (1932) presented a formal 
mathematical analysis of the data of Bayne-Jones and Rhees 
and concluded that the formulae involved described equally well 
the course of heat production in a bacterial culture and in the 
growmg human body Schmidt and Bayne-Jones presented 
similar data for E coh in peptone water, which yielded values 
of 232 X 10~^* gram-calories per cell for the first hour, 194 for 
the second hour, 51 for the third hour and 4 for the sixth hour 
Similar data for oxygen consumption next became available 
Burk and Lineweaver (1930) showed for Azotohacter that rate 
of oxygen consumption per unit rate of increase m cell numbers 


was greater during the first nine hours of the culture than for the 
mnth to the twelfth hours Eaton (1931), working with staphylo- 
coccus cultures, reported a higher respiration rate during the first 
two and a half hours Gerard and Falk (1931) provided the first 


defimtely quantitative data for Sarcina lutea They computed 
a consumption of 6 5 cu mm of oxygen per milhgram dry weight 
of culture for the early stages of the culture cycle as compared 
with 2 6 in the phase of stable maximal population They did 
not, however, interpret the phenomenon as a manifestation of 
physiological youth but attributed it to a partial asphyxia pro- 
duced in the preparation of the inoculum Martin (1932) saw 
the problem in its true setting, although he did not compute 
rates per cell He noted, however, that the rate of oxygen con 
sumption reached a peak for Escherichia coh between 30 an 
imnutes while cell size was greatest at 60 to 120 minute*- 
The fact that Hershey (1939) did not detect any change in ra 
of oxygen consumption at different periods of the cu 
IS not surpnsing smee the range of ages cov^ in ® ' 

cultures was only from 1 2 to 2 3 hours What he does how, 
however, is that this rate — under the condi ° 
ment— was not affected by wide variations m the g 
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secondary culture was inoculated 
oT«hn conclusion, we are quite ready to accept As pointed 

theStTnl stote of a primary culture iXences 

infl, ^n mass m a secondary culture chiefly through 

of adjustment-and, .n Lrshey's 

Prac't.oalir*t™prared“ 

Dmdnrf '““Pf®*®, “formation is available with regard to CO. 
of QQ Cutler and Cnunp (1929) reported that hberation 
the soils was greatest per milhon bacteria when 

Walker and Winslow (1932), 
4] in icK ^ Escherichia coli in an aerated culture, reported 

Derinrl ^our formed m the lag 

Dhacp than 2 mgm for the close of the loganthmic 

lem lo ni Winslow and Mooney (1934) studied the prob- 

undpr nitrogen instead of air and found that, 

hour auaerobic conditions, C02-production per cell per 
hour to medium fell from 42 mg X 10-^' m the first 

then fell n second hour, rose to 68 in the third hour and 
figure f 11 f anaerobic conditions m peptone-glucose the 

Ui the t ^ ^ ^ second hour, rose to 211 

fiecreas hour and then fell The second-hour temporary 
euonno^ ®cems to be a pecuhanty of the anaerobic state and the 
^tihzat^ recorded for peptone-glucose mdicates anaerobic 
noted ° hTo mcrease of CO 2 production per cell was 

contain!^ ^ earher work under aerobic conditions m sugar- 
®P^te of til ^ result of the presence of the sugar, m 

^^inslow that sugar was actively fermented Walker, 

^schertch ^'^^tmgton and Mooney (1934) worked with 
hon of CO^ ^ various media and reported maximal produc- 
®6cond h ^ ^ P®^ hour) durmg the 

phased f °i?^ culture cycle (late lag and early logarithmic 

loaanfL ^ ^^tcr five hours (beyond the close 

'Sol?noneZ7^^^ Mooney and Winslow (1935) studied 

A Wfj^ ff^ttinarum and Salmonella pnllorum as well as E coh 
^°Ssnthim metabohe activity durmg the lag and earher 
c period was always apparent In this earlj’’ phase. 



162 


C -E A WINSLOW AND HAEOLD E WALKEB 


79 to 145 X 10-“ mg of CO 2 was formed per cell per hour ns 
compared with 2 to 8 m the stage of maxunal population 
Salmonella pullorum m peptone-glucose had a very long lag 
period and the figures m table 1 give a valuable slow-motion 
picture of the processes involved 
Where the process is more rapid, the various stages are tele- 
scoped, so that a first-hour observation often shows a high 
metabolic rate, but such an experiment as that cited gives us a 
true picture of the processes at work 
In all the studies cited (except that of Gerard and Falk) the 
high metabolic rates of the early growth phases were computed 


TABLE 1 


AQB or ctrt/nrBE 

BACTEBXA 

CO^raooocTtoN pxscta 

PXB BOUB 

houn 

milluma per mi 

mt X 10-« 

1 

12 

6 

2 

10 

30 

3 

13 

33 

4 

16 

99 

5 

39 

! 114 

6 

70 

96 

7 

320 

57 

8 

603 

26 

9 

706 

17 

25 

332 

8 


per cell, and these high rates of activity might be in part ® 
the larger size of the cells It was clear from consideration 0 s 
magnitude of the changes involved that this could not exp am 
the whole phenomenon, but the relationships of cell 
metabohc activity were finally clarified by Huntington an 
slow (1937) These observers combmed simultaneous a 
cell numbers, cell size and metabohc actmty, wor ^ 
Escherichia coli, Salmonella gallinarum and Salmne ^ 
m aerated cultures and using three different media y 
puted rates of CO.production per 

substance and found that maximmn per cubic 

logarithmic phases ranged from 86 to 216 X b 
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mcron while for the phase of stationary maxunum population 
tne corresponding figures varied from 5 to 19 
A fourth measure of metabolic activity, for which similar 

nooo^ri- IS acid production Stark and Stark 

1 9a) found the rate of fermentation of Eschenchm coli to be 

X 10 “ mg per cell per hour for young cells and 0 9 for old 
ce s Less stnkmg but similar relationships for fermentation 

Jachs have been reported by Hahn, Hegarty 
and Deuel (1938) ^ s J 

^Liberation of NHs-mtrogen is a fifth type of metabohc activity 
av-sociated with physiological youth Here, there arises the 
question whether lowered values for NHj-mtrogen m later 
^owt phases may not be due to more rapid utihzation, rather 
c lessened rate of hberation of NHs This question 

^annot be categoncally answered, but the close parallelism be- 
ween hHs and CO2 suggests that both are examples of the same 
of fijst suggestion of such an effect m the case 

, (after the pioneer work of Muller) came from Meikle- 
DT d studied the relation of numbers and NH3- 

cefe ^ ^ peptone culture of a soil bacterium Number of 
ti efficiency m NHs-production showed an mverse rela- 

stu^ ^ Walker and Wmslow (1932), m a more detailed 
y, determmed the rate of NHs-production for Escherichia 
per phase in different media as 6 to 36 mg X 10““ 

e per hour while the correspondmg figure for the phase of 
population was 0 2 or less Walker, Wmslow, Hunt- 
Phas°e^ Mooney (1934) reported that at Ig- hours (late lag 
26 f ^ i ^Hs'mtrogen yield varied m different media from 

}q ° ^ X 10““ per cell per hour while after 5 hours (post- 
huuc phase) the values fell to 3 or less 
QP (1937) reports electrode-potential curves for various 

btic^^^^ various phases of the culture cycle With hemo- 
gjjd ^^®P^ncocci m broth the Eh begms to fall after 30 mmutes 
Jq n minimum in 12 hours (approximate end of the 

tijg ? phase) Subsequently the value rises or (with 
P theria organism) may remam at a low level In aerobic 
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glucose-broth, the streptococcus shows a sharp rise after five 
hours (Hewitt 1929) The phenomena involved are, however 
too complex to be related with certainty to the physiological 
culture cycle 


Child (1929), in his strikmg essay on Senescence and Reju- 
venescence, points out that phenomena exactly hke those de- 
scribed above are manifest in the hfe history of some of the 
simpler invertebrates (hydroids and planana) From the very 
early stages of the hfe of these multicellular orgamsms there is 
manifest a progressive decrease in oxygen consumption, carbon 
dioxide production and gro'wth rate Agam, the analogy be- 
tween a bacterial culture cycle and the hfe of a multicellular 
orgamsm is strikmgly illustrated 


Morphological changes 


In parallel "with the outburst of metabohc activity which char- 
acterizes the early lag period,* and almost— but not qmte— 
simultaneous -with it, come fundamental changes m size and other 
morphological characteristics of the bactenal cell 
Many of the earher workers m bactenology noted the presence 
of large cells m the imtial phases of the culture cycle (see review 
by Ward, 1928) One of the most sigmficant of such observa- 
tions was that of Fuhrmaim (1908, 1926) who observed that 
an orgamsm which he called Pseudomonas ceremsiae exhibited 
a rather regular series of morphological phases in various media, 
begi nnin g with small rods and passing on to large swollen ce 
and thread-like forms "with refractive pomts and stamable gran- 
ules The first exhaustive study of this problem, with r ear 
emphasis on the time-relations involved, was, however, t a o 

Clark and Ruehl (1919) , 

These investigators studied 70 strams belongmg to 37 speciM o 
bacteria and found that in all cases, except certain \ 

teria and the glanders orgamsm, marked mcrease m size occ 


1 These changes are commonly attributed to the jtgtiosiO" 

because under the term "lag phase” there is also me u e tjfgctenjt'es *' 
phase ” Using Buchanan’s more penetrating analysis t 
cussed are associated with the very early lag phase 
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in the early stages of the culture cycle This increase generally 
manifested itself after 2 hours and the maxunum size was as a 
nile noted between 4 and 6 hours In a later review, Clark 
(1928) says "During the logarithmic period when maximum 
reproduction occurs, the cells from the young cultures of many 
genera of bacteria attain their maximum size, two to six times 
larger than the cells from the tv enty-f our-hour parent-cultmes ” 
Durmg later progression, up to 18 to 24 hours, toward a station- 
ary period the bacteria became gradually smaller m size The 
large cells stam more mtensely than those of normal size 
The major contnbution to our knowledge of this subject came 
from Henrici who pubhshed a remarkable series of papers, and 
finally a book on the subject of Morphologic Variation and the 
flate of Growth of Bacteria,- between 1921 and 1928 In his 
first paper (1921) he showed for a spore-bearmg aerobe that the 
cells began to increase in size m the lag rather than the logarithmic 
phase, reached their mnymmm dimensions shortly after the 
cginning of maximum multiphcation (six times those of the 
original moculum) , then gradually becommg shorter Escherichia 
(1924a) showed maximum size at three hours (about the 
^ddle of the logarithmic phase)® and was down again to normal 
y 8 hours (end of logarithmic phase) When the cells are largest, 

intracellular granules disappear, the protoplasm becomes more 
jahne and stains more deeply If transferred at the moment 
0 increasmg cell size, mcrease proceeds, if at the moment when 
^rigmal size has been reached, mcrease begms at once, if trans- 
crred later, lag occurs (m cell size increase) The richer the 
jneduim, the longer is the period of size mcrease and the greater 
maximum size attamed (1925a) The cholera mbno deve- 
lops oval cells of less than normal curvature m the lag phase 
the logarithmic phase sets m, the cells become elongated and 
curved again (1925b) In Henrici’s final monograph (1928) he 
sviews all this material with full data as to the curve of distribu- 
^on of cell length and form at each stage The phase of large 

from this work are cited below through courtes> of Charles C 
^blisher, Springfield, Illinois , 

onci would probably have found even larger cells at a still earlier peno 
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cells IS clearly associated with greater variabihty in size The 
more rapid the growth, the greater is the cell size The presence 
of sodium ricmoleate tends to produce very elongated cells while 
CaCh (which raises surface tension) has an opposite effect 
Large cells of Escherichia coh are more stainable and perhaps 
show an isoelectric point further to the acid side 
In general comment, Hennci says 


These three correlated properties Increased length and slenderness 
of the cells, indicating a greater magnitude of some a-aally disposed 
force opposing the surface tension of the medium, increased intensitj 
of staining with basic dyes and decreased susceptibihty to acid agglu- 
tination, indicating an isoelectnc point of the protoplasm more on the 
acid side, and increased susceptibihty to injurious agents, all sen’e to 
distinguish the young, actively growing cells from the resting cells, and 
justify our recogmzmg these long cells as a distinct morphologic type, 
as embryonic cells, characteristic of the growth phase of the culture 

The general sigmficance of the phenomena involved are dis- 
cussed as follows 


It would seem from my data that the division of the growth cunc 
into a lag phase (of acceleratmg growth), a logarithmic growth phase, 
and a resting phase, is not so sigmficant as a division into a p a-o o 
accelerating growth and a phase of negative acceleration in ' 
the so-called logarithnnc growth phase when present is u a ong r 
out point of inflection For the morphologic vanatioM ™ 

during the early stages of growth progress definitely o ® 

(as Pearl designates it) of the growth cycle, then um 
opposite direction The embryomc forms reach 
velopment just at the beginmng of negative accelera i F 
the mature forms at the end of growth , with different 

These embryomc forms will vary in their c pres^-nted 

species of bactena, but it is apparent rom w 
here, as well as from the observations of ^^^"eWpar- 
most forms, especially the rods, they Mer diphtheroid groJp 

ticularly in increased length and slendem^ ^ ^rd 

are apparently an exception, the ero ryo ^ 

more nearly approaching the sphencal 
bryomc forms seem to possess a higher affim j 
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dyes In those cases where the young cells show an increased size 
there is also apparent an increased variability in size In those forms 
which develop intracellular granules or other structures these are lack- 
ing in the embryomc cells In the case of the cholera \nbno, i^hich 
may perhaps be taken as a type of the spiral orgamsm, the embryomc 
forms are characterized particularly by straightness of their cells, they 
are bacillary m form 

The mature or differentiated forms, beginmng to develop with nega- 
tive acceleration m growth and reaching their maximum at the end of 
growth, are just the reverse of the embryomc forms in the characters 
enumerated above, It is of course obvious that these cells are not 
differentiated in the sense that different cells show a great diversity of 
form and mternal structure as occurs m the differentiated cells of a 
multicellular orgamsm, such cannot be the case because the cells are 
nil contamed in the same environment which must be nearly uniform 
throughout But the individual cells do show a differentiation in their 
internal structure, many forms developmg within the protoplasm spores 
nr granules of one type or another, especially volutm Now it is just 
this development of mternal “paraplasmatic” structures which charac- 
tonzes the differentiated cells of a multicellular organism, and which 
nre either the result or the cause of their diversified function In this 
sense at least, then, there does occur differentiation m the mature cells 
ofbactena (Hennci, 1928 ) 

It should be noted that the diphtheria bacillus seems to offer an 
exception to the general rules which operate with the other or- 
ganisms studied Albert (1921) recorded an early increase m 
size even for this organism but Clark and Ruehl (1919) found the 
young cells here smaller than in a later resting period Henrici 
(1922), working with a chromogenic diphtheroid, confirmed Clark 
and Ruehi’s observations but his figures (Henrici, 1928) suggest 
at the special tendency of this organism to form chams of 
® reptobacilh may be the compheatmg factor m this case 
Meanwhile, Wilson (1926) has demonstrated mcrease m cell 
size dunng the earlier phases of the culture cycle by an interestmg 
He compared increasmg opacity of a culture with 
^'Counts and found that the number of viable cells necessary 
® produce a given opacity was five times as great m a 26-hour 
Inre as m a 4-hour culture of SalmonellQ aertvycke Alper 
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and Sterne (1933) present sunilar data 
more non-viable cells in the later phases 
conclusions 

Jensen (1928) made a particularly significant study of the 
morphology and growth of Esckenchta coh, with special empha- 
sis on the history of the individual cell His careful obser\a- 
tions led him to the conclusion that the phase of absolute latencj 
IS one in which cell size increases without fission He finds that, 
when an individual cell has reached its maximal size, multiplica- 
tion at full logarithmic rate begins, so that the phase of relative 
latency (increase in numbers at sub-loganthmic rate) is merely a 
statistical characteristic of the culture as a whole He gives us 
a new and very interestmg type of information in regard to the 
proportion of individual cells m a culture which proceed to sub- 
divide within a reasonable period of observation At two hours 
(late lag or early logarithnuc phase) 100 per cent of the celk 
exhibit prompt fission, while after four or five hours (end of 
logarithmic phase) the ratio falls to 10 to 54 per cent After 
twelve hours, it rises once more 
The work of Clark and Euehl and Hennci tended to show that 


The possible presence of 
somewhat vitiates these 


the phase of maximum cell size and that of most rapid multiphca- 
tion comcide Jensen’s studies, however, strongly suggest that 
increase in cell size actually precedes a rise in division rate Tbu:, 
his colon bacilh m the first half hour were large but not yet diwd- 


ing From one to one and one-half hours (early logarithnuc 
phase) they were large and dividmg At 3^ hours (niidde 
logarithmic phase) weakly-stauung shadow forms began 
pear At five hours (post-loganthmic phase) the sfaadoire a 
disappeared and cells were small again These sbsao^ 
were capable of reproduction if transferred to a new me lum 
apparently could not do so in the ongmal medium 
The next important contnbutions to this problem came 
Bayne-Jones and his associates at Rochester, usmg ^ . 

curate techmque based on measurement o ^ 

records Working with Baallus megathenm, , 

Bayne-Jones (1932), like Jensen found feon 
behind rates of mcrease m total cell prot p 
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(as had Schmalhausen and Bordzilowskaja, 1926) that the rate 
of growth of a single cell from 6ssion to fission is approximatel}’’ 
constant at a given time but that the mean rate of growth in size 
per cell m a culture rises sharply to the end of the second hour 
and falls after the third hour (when an 18-hour moculum is used) 
At the peak of mcrease m cell size the bulk of cell sub- 
stance doubles every 22 minutes, and the authors compute that 
if such a growth rate contmued for 24 hours a smgle filament 
could be produced reachmg 4000 tunes the distance between the 
earth and the sun With Eschenchta colt, Bayne-Jones and 
Adolph (1932b) found that at the end of the first hour there was 

TABLE 2 


Time of maximum aclxvtty (hours after inoculation) 



or CXLL 

hats of cthl 

HTJIfflPLlCATIOK 

■B coll 



Peptone 

2 

4 

Peptone-glucose 
® Sollinarum 

2 

3 

Peptone 

3 

5 

Peptone-glucose 

3 

6 

Peptone-lactose 
^ V^llorum 

3 

7 

Peptone 

4 

9 

Peptone-glucose j 

4 

7 

_ Peptone-lactose j 

3 

7 


^ niaxiinum rate of growth m cell size, with no mcrease m num- 
bers, while the maximum rate of reproduction occurred at the 
®iid of the second hour Bayne-Jones and Sandholzer (1933), 
^th B colt, report that the volume of a cell of the imtial moc- 
jdum was less than 1 cubic micron At the end of the first 
our this value had mcreased to 4 cubic micra At the end of 
the loganthnuc phase (160 mmutes) the mean cell size was agam 
^hout 1 cubic micron 

Huntington and Winslow (1937) have more recently confirmed, 
Once more, the conclusion that mcrease m cell size precedes the 
logarithmic phase of multiphcation They studied Eschenchta 
Salmonella gallinarum and Salmonella pullorum m aerated 
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cultures using various media and found that, with eight combina- 
tions of orgamsms and media, the peak of reproductive activity 
came from one to five hours later than the peak of cell size, as 
indicated in table 2 

In five out of these eight instances maximum cell volume was 
noted durmg the lag phase, in the other three instances in the 
early logarithmic phase 

A suggestive check on these time studies is to be found in a 
paper by Fischer (1932) who observed the development of spread- 
ing cultures of Bschenchia colt in soft agar He noted in the 
outer zone of a spreading colony large cells (7 x 2 /i), in an inner 
ring, small cells (4x1 ix), and in the center, a region of Eutolysis 
Here are the various tune changes of Jensen, mamfest at one time 
in those areas of a culture which are of different age 

Longworth (1938) has recently reported interesting studies of 
the variations in cell morphology m bactenal cultures as well as 
in ratios between sizies, counts and total mass as measured by a 
photoelectric densitometer Hershey (1939), m the paper dis- 
cussed m an earher paragraph, expresses cell size as a ratio be- 
tween nephelometric count and viable count and finds that 
when a 24-hour primary culture is ■used for moculation the initial 
ratio is about 1 and mcreases to 3 during the first hour of the 
secondary culture and to 6 or 8 during the second hour Inocula- 
tion from a 3-hour primary culture gives an imtial ratio of 5 to 6, 
which is mamtamed for several hours, showing that in this respect 
(though not in mass-reproductive rate) the celk of a young 
primary culture behave differently for a time in a secon arj 
culture from those derived from an old primary culture 


Lowered resieiance to unfavorable agents 
A third very important characteristic of the large 
metabolic cells of the early culture cycle is their marke > 
resistance to vanous harmful chemical and p ysica co 
This phenomenon was, perhaps, first pointe on 
and Ritz (1910) These mvestigators, using colo b 
posed cultures of vanous ages to heat trea inen ^ 

mmutes In a 20-imnute culture about 5 per cent sunnveu 
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treatment In a 50-minute culture (still m the lag phase) 1 
per cent survived In 4r-hour cultures (early logarithmic phase) 
100 per cent were killed, and in cultures from 7 to 13 hours old 
( ate logarithmic phase) the same treatment produced no reduc- 
tion at all These results would seem almost unbehevable if 
ey had not been so often confirmed Reichenbach (1911), 
m the very next year, reported a reduction (caused by exposure 
0 a temperature of 47 to 51° for five mmutes) of 71 to 100 per 

cent m 5 to 8 hour cultures and of only 3 per cent m a 28-hour 
culture 

The biological importance of this phenomenon was first empha- 
^ed by Sherman and Albus (1923) m them striking paper on 
ysiological Youth in Bacteria These mvestigators demon- 
rated low resistance for Escherichia coli m the early culture- 
P ases With respect to four mdependent conditions They 
conmmed the general conclusions of Schultz and Ritz and of 
eichenbach with respect to heat resistance, (although the 
erences were not qmte so striking) They found that chilling 
e cultures showed a similar differential, old cultures exhibitmg 
^0 reduction while young cultures did They demonstrated the 
Same phenomenon on transfer to a 2 per cent NaCl solution m 
f ed water and, finally, on exposure to 0 5 per cent phenol 
general four-hour cultures (logarithmic phase) were the ones 
^ c showed the low resistance The results, so far as exposure 
0 eat and NaCl was concerned, were confirmed for a Proteus 
ram in g, second commumcation Sherman and Albus (1924) 
or ed out the time relations m greater detail E coli was 
g at 37° m peptone-water and at mtervals transferred to 
per cent NaCl Cells removed after one hour showed no 
-ARer 90 mmutes (while the parent culture was still 
aft ^ phase) the cells showed defimte susceptibihty , and 
on ^ hours (when rapid mcrease m numbers was gomg 

auth^ parent culture) mortahty was greatly mcreased The 
"b Pornt out that this phenomenon gives clear e\ndence of 
^ojrivenescence” before active reproduction begins 
for stamabihty reported by Henrici (1928) and others 

0 phase of mcreased cell size may be related to the lessened 
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resistance to chemical agents was that of 
(1932) on disinfection by N/lOO NaOH at 
dU t. The Mowing values for K were reported for cultures of 
varying age 


A(« 

E 

iawt 

8 

38 

11 

22 

14 

IS 

17 

14 


Literature as to the Schultz and Ritz phenomena of lowered 
resistance to heat is volummous It was described by 0rskov 
(1925) for colon-typhoid strains and by Robertson (1927) for 
Mterobadenum lacttcum, Sarcina luiea and Slreytococcus ihcmo- 
philus S lutea, exposed to 71°, showed a 99 per cent reduction 
m a four-hour culture and no reduction in a post-loganthmic cul- 
ture 8 tkermophlus, heated at 63°, showed over 99 per cent 
reduction m a six-hour culture and only 55 per cent reduction in 
a 30-hour culture Sherman, Stark and Stark (1929), and Stark 


and Stark (1929a, 1929b) made similar observations for strepto- 
cocci and ropy-milk organisms Fabian and Coulter (1930), 
Hammer and Hussong (1931), Heiberg (1932), Domer and Thom 
(1936) added more evidence along the same line Hershey (1939) 
inoculated from 3-hour and 2drhour cultures mto distilled vrater 
and found that while the young cells were completely ebminaled 
after 15 mmutes, half of the cells from the old culture were m'C 
after one hour It should be noted that, m many of these 

the low resistance phase was contrasted with rather late pen 
of the culture cycle, so that it is not quite clear whether it is a 
contrast between youth and matunty or between matun } a 


old age of a culture with which we are dealmg 
There are a few studies which appear to conflict ^ 
considerable mass of evidence The first of them, y 
and Meanwell (1936) does, mdeed, seem hard ^ 

mvestigators worked with a thennodunc “ ^ {y[) 5 S 

cultivated m milk at various temperatures s. og-jjjute; 
were removed and exposed to a temperature of 63 ior^v 
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When the parent culture was grown at 42° the lag period was 

I!^ 7 o ^ resistance to heat treatment decreased steadily 

r f resistance 

ose a air an hour and then fell In the cultures grown at 30°, 

nr respectively, lag was of course more and more 

P 0 onged but, m each case heat resistance was greatest m the 
ar y ogarithmic phase In other words, these results directly 
contradict all the earher work of a score or more of different 
ve igators Somewhat similar results have recently been 
reported by Claydon (1937) 

A third study which apparently conflicts with general ex- 
b^ence appears, on closer analysis, not to do so but merely to 
g out a very mterestmg new phenomenon with regard to the 


TABLE 3 



Parent culture at £8° 


AOS 

kumbek op bactuua pxb ml. 

PTB CINT ffOBVITAL VEIIi 

exatedatSS® 

*<nir« 

0 

25,000 

6 4 

1 5 

33,800 

34 0 

3 

40,350 

1 4 

6 

297,000 

1 

9 

__ 36 

730,000 

02 

3,200,000 

6 8 


Elhker and Frazier (1938 a and b) worked with 
53° grown at 28° and 38° and then heat-shocked at 

tnKi °o ^^utes The results obtamed are best illustrated by 


I'll 

loea ^ resistance is shown for the late lag and early 

Pora phase, but the new phenomenon revealed is a tem- 
blor ^ ^crease m resistance m the very early lag phase 

show studies, at shorter mtervals durmg the lag phase, 

hour ^ f 9 0 ^ mitial mcrease m resistance lasted up to the first 
^ ^ from the twentieth to the fortieth mmute at 38° 

thp ^ new and exceedmgly mterestmg characteristic of 

yearly lag period 

® lowered resistance of the late lag and early logarithnuc 
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phase has been demonstrated with respect to other phi-stcal 

investigators Gates 

(1929) reports that a four-hour culture of Staphylococcus a ureas 
IS much more readily killed by a given mtensity of ultra-\iolet 
hght than is a 28-hour culture, and Kimball (1938) finds that 
buddmg of yeast is inhibited in a magnetic field onl> in the last 
half of the lag phase 

Bayne-Jones and Sandholzer (1933) reported that joung cells 
are more readily attacked by bacteriophage than older ones 

A most mterestmg observation has recently been reported b} 
Hegarty (1939), which may or may not be related to those char- 
acteristics of the youthful bacterial cell which make it susceptible 
to harmful agents m the environment This imestigator found 
that cells from a mature culture of Streptococcus Jaclts groivn in 
glucose-tryptone broth can not attack galactose, lactose, sucrose 
or maltose until they have multiphed for some tune m the pres- 
ence of the respective carbohydrates Oils from a 1- or 2-hour 
culture, however, attack these new sugars much more promptl} 
This IS m the late lag and very early lag phase and the power of 
adaptation to the new carbohydrate, thereafter, decreases 
progressively The power to utihze new carbobjdrates is a 
favorable one while susceptibihty to harmful agents is an un- 
favorable one, but it is conceivable that both may be related to 
some underlymg property of ready responsiveness to the en 
vironment 


Acid agglutination and electrophoretic mobility 
Fmally, there is a fifth characteristic of the large and roeta 
bohcally active cells of the youthful phase of the bactem 
cycle, which may agam be related to then low 
harmful chemical agents but is demonstrated bj direc p - 
measurements This is the property of low smeep i 
agglutmation, coupled with low '"-fare famdisr 

The first observation of this kmd menmgoccrci 

was made by MacGregor (1910) who reported 1 io 

from a two-day culture needed a concentratio .^e 
of normal serum to produce flocculation, while 
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sometimes flocculated with a concentration of 1 100 and at 
unes even showed spontaneous agglutmation Gillespie (1914), 
worjong with pneumococci, found that cultures up to eighteen 
flours did not agglutinate in 20 hours without salt while, after 
wenty-four hours, they agglutinated in 6 hours The reaction 
ora e to agglutination was less acid for the young cultures 
Albus (1923), workmg with Escherichia coli, 
acid f four-hour cultures were not agglutinated by an 

Qf \t ^ ^ while a twenty-four-hour culture agglutinated 

at a pH of 3 8 


pjj oy (1924) made the first direct observation of electro- 
^ (with pneumococci and parat 3 rphoid organisms) 
or/ from five to six hours old, the charge was low for both 
sbeb^^^^xr ^rid ten hours, it rose and later fell 

pi ^ Kahn and Schwarzkopf (1931) reported different 
^nomena for the tubercle bacillus In four-day cultures and 
Week mobihty was high, m twenty-day and five- 

from °^^oh lower The tubercle bacillus is so different 

cycl bacteria and we know so httle about its culture 

ferins T ®^rinot expect to interpret the data m analogous 
. -'■nere may well be a decrease m the charge on other 
reported cultures Buggs and Green (1935) mdeed 

^ decrease m cultures of Escherichia coh and 
owrezrs after 127 days, and these observers could 
apjj j ^61'euce between six-hour and ten-day cultiues Pedlow 
(1936) also reported no change in electrophoretic mobil- 
^^or scherichia coh between three and twenty-eight hours 
studv^^^ (1936), m an exhaustive and extremely lUummatmg 
phen ' Siven us the clearest and most complete pictiue of the 
evolved He worked with Escherichia coh m an 
sions 3,nd demonstrated the foUowmg mam conclu- 

cjj^ ^tid smooth strains exhibit distmctly different 

^lobihf stram, results are highly consistent 

i-QP start and falls durmg the first hour for the 

bouj. ’ ^’emainmg low for the second and part of the thud 
dfQps ^ fflcn rismg agam The mobihty of the smooth stram 
the first and second hours and remains low durmg 
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the third and fourth hours The low mobihties correspond to the 
lag and beginning of the loganthnnc phases, and the subsequent 
rise in mobihty comes toward the end of the logarithmic phase 
Moyer made a peculiarly convmcmg experiment by mixmg the 
laige cells from a mnety-minute culture with the small cells from 
a sixteen- to twenty-four-hour culture when the differential 
mobihty of the two morphological types was clearly manifest 
under the imcroscope The large young cells moved at a mean 
rate of about 0 T/i/sec /v /cm while the mean rate for the small 
old cells was about 0 9 

In a careful analysis of the causative factors mvolved, Moyer 
showed that the low mobihty of the young cells was not due to 
irreversible changes in surface caused by buffer, nor to adsorption 
of dissolved metabohtes , nor to adsorption of gaseous metabohtes, 
nor to presence of flagella, but, probably, to a change m physical 
or chemical nature of the surface of the cells, perhaps associated 
with “expansion” of the surface and increased permeabihty 
He demonstrated that heating at 56° for f hour did not alter 
mobility of the 24-hour cells but greatly reduced the mobihty 
of the 3-hour cells 

These results would suggest that all of the previous workers 
except Sherman and Albus and Pedlow and Lisse, began their 
observations at too late a period of the culture cycle to detect 
the phenomena in question The failure of Pedlow and Lisse, 
Moyer ascribes to certain techmcal defects in their procedure, 
particularly to the use of distilled water as a suspending medium 
for the electrophoretic determmations 


THE PHASE OF LOGARITHMIC INCREASE AND THE COMPLETION OF 
THE NORMAL CULTURE CYCLE 

It has been pointed out in earher paragraphs that the ^th and 
final characteristic of “physiological youth” is a rapid ra ® ° 
multiphcation This characteristic (which is the only , 
served in ordinary bacteriological studies) is, however, 

shghtly later than the increase in metabohc activity an ce , 

the lowered resistance and decreased electrophore ic c > 
the youth phase 
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By the tune the maxunum rate of cell multiphcation is reached 
at about the middle of the logarithmic phase — most of the other 
characteristics of youth are on the dechne 
Metabohc activity at this period has fallen substantially below 
its earher maximum value, as shown by Bajme- Jones and Rhees 
(1929) and Schmidt and Bayne-Jones (1933) for heat production 
by Escherichia coli, by Eaton (1931) for the respiration of a 
staphylococcus, by Walker and Winslow (1932), Walker, Winslow, 
Huntmgton and Mooney (1934), Mooney and Winslow (1935), 
and Huntmgton and Wmslow (1937) for production of CO 2 
and NHj by Escherichia and two species of Salmonella and by 
Bahn, Hegarty and Deuel (1938) for fermentation by Strepto- 
coccus lactis Schmidt and Bayne-Jones (1933), for example, 
reported 51 gram-calories X 10~“ per cell per hour produced m 
the phase of most rapid reproduction as compared with 232 for 
the lag period, and Mooney and Wmslow (1935) reported 57 X 
10 -n jjjg Qf period of most rapid 

reproduction agamst an earher maximum of 114 
Cell size was noted as reduced at the middle of the loganthmic 
phase by Jensen (1928), Bayme-Jones and Adolph (1932b), 
Bayne-Jones and Sandholzer (1933) and Huntmgton and Wm- 
elow (1937) for Escherichia coli This phenomenon did not 
appear m the studies of Hennci (1928) whose data for Escherichia 
coll and Bacillus megatherium show maximum cell size comcident 
^th most rapid reproduction AH the more recent work, how- 
ever, mdicates decreased cell size m this phase Thus, Bayne- 
ones and Adolph (1932b) record a volume of 1 micron just 
ter the pomt of maximum multiphcation rate agamst 2 5 to 3 5 
^cra before that maximum rate Huntmgton and Wmslow 
^937), m eight sets of experiments with three Escherichia and 
ahnonella species in various media, obtamed a mean volume of 
t micron for the phase of most rapid cell-dinsion agamst an 
Ga^er mean maximum of 1 1 micron 

esistance to heat treatment was found by Robertson (1927) 
tL ^ uummum at the height of logarithmic growth (when 
y ® “shadow forms” of Jensen, 1928, are most numerous) 
linker and Frazier (1938b) report a surmval of under 3 per cent 
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of colon bacilli beated at 53° wben the organisms were in the 
logarithmic phase as compared "with survivals of 34 to 74 per 
cent for cells from earher phases of the culture cycle 
The low electrophoretic mobihty of the young cells, on the 
other hand, appears to persist well through the loganthnnc 
phase (Moyer, 1936) 

By the end of the logarithrmc phase most of the characteristics 
of physiological youth have wholly disappeared 
Eeturn to pre-lag values for heat-production at the end of the 
logarithmic phase are reported by Bayne-Jones and Rhees (1929), 
Mooney and Winslow (1935) and B[untmgton and Winslow 
(1937) 


TABLE 4 

Mtlltgrams X 10"'' COi per cubtc mtcron of baclenal substance per hour 


novn 

fEFtONB 

PEPTONE-OtUCOSt 

First 



Fourth 

149 


Tenth 

17 

' II 

Twenty-fifth 

12 

5 


Table 4 from the data presented in the last-cited paper il- 
lustrates the general phenomenon, so far as metabohc activity 
IS concerned 

In the peptone medium no cell multiphcation had occurred 
during the first hour and the normal minimum metabohc acti"nty 
was recorded, in peptone-glucose, however, multiphcation b^an 
more rapidly and the first hour eidubits the phenomena of p ys- 
lological youth By the tenth hour, in both media, reproduction 
was still going on, though very slowly, and metabohc activi y 
was nearly down to its minimum value , 

Cell size was reported as down to its nunimal values 7 
end of the logarithmic phase by Jensen (1928), w,ns- 

Bayne-Jones and Sandholzer (1933) and Huntmgton an 
low (1937) This phenomenon may be illustrated j 

(table 5) from Hennci (1928) 

In each case the ten-hour culture was still mere g 
bers but was well past the height of the logarithmic p 
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The recovery at the end of logarithmic increase of normal 
resistance to harmful agents has been demonstrated clearly by 
many observers from Schultz and Ritz (1910) and Reichenbach 
(191^ to Elhker and Frazier (1938b) For example, Schultz 
found that colon bacilh from a 7-hour culture, which 
ad reached its peak population, were completely unaffected 
y eatmg to 53° for 25 mmutes while a four-hour culture was 
completely stenhzed by the same treatment The recent data 
0 Elldcer and Frazier are almost as strikmg 
Moyer (1936) finds that at the close of the logarithmic period 
e ectrophoretic potential rises agam sharply to its normal value 
ter the culture cycle has passed through the phase of loga- 
imc increase, and the phase which Buchanan (1928) describes 
that of “negative acceleration” it reaches the “maximum 


TABLE 5 



s ationary phase” and then passes through the phases of “ac- 
ce erated death” and “logarithmic death ” With these latter 
P ases -we are not concerned m the present review An optimum 
^®’'^®®POEdmg to the succession of generations m a multi- 
orgamsm, is reproduced by transfemng to a new medium 
^ ® of the period of active multiphcation m the source 

ure Such transfer would give us a picture in each new me- 
^ burst of physiological youth charactenzed by high 
6 a ohc activity, large cell size, low resistance to harmful 
j, and chemical agents, low electrophoretic mobihty and 

apid cell division, and, as the culture ages, all these e\adences 
rin^^^^^ Sradualiy decrease to their imtial levels By transfer- 
cir^ oarher periods, the course of the hfe-cycle may be “short- 
as may be done with mammahan cells in tissue 
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The changes in a culture during the phases of accelerated and 
logarithmic death correspond to the senile changes m the multi- 
cellular orgamsm after the normal reproductive period is passed 
A comparative study of such senile changes would perhaps be 
timely, but they represent phenomena of a somewhat distinct 
type from those apparent m the early phases, which we have 
considered m the present review 
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Professor J B S Haldane introduces lus Sir F Gowland Hop- 
kins lecture (1937) on the Biochemistry of the Individual with 
the statement, “The ultimate aim of biochemistry may be stated 
as a complete account of intermediary metabohsm, that is to 
Bay, of the transformations undergone by matter m passing 
through orgamsms ” In this discussion, it is our purpose to 
reconstruct, in the hght of present knowledge, the biochemical 
Events occumng m the hvmg bacterial cell concerned with the 
dissimilation of carbohydrates Our knowledge is far from com- 
plete, however, “Although it is dangerous to speculate too far, 
it is foohsh not to speculate at all” (Hill) 

Bur remarks will be more specifically directed toward the 
bacterial cell although the general problem of cell physiology has 
received more extensive treatment with yeast and with animal 
cells, especially those of muscle, bram and liver There are 
certain advantages in deahng with metabohc phenomena m 
^§hly speciahzed cells of tissue such as muscle or brain rather 
than the bactenal cell In the case of muscle or bram we are 
eahng with cells functionmg in a well-protected and constant 
emuronment with respect to pH, temperature, redox conditions, 
uutntional properties and other factors , whereas, a bactenal cell 
rs ^n^tually a street urchm of the cell world , it is found fimetionmg 
at temperatures between SO^C and freezmg, at pH levels of less 
than 1 to above 13, under strict anaerobiosis and strong aerobio- 
With a banquet before it at one time and again subsisting on a 
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diet relatively toxic Accordingly, the bactenal cell is probably 
endowed with a large variety of enzymes and special mechanisms 
for use under widely diffenng conditions 
On the other hand, it is not improbable that bactena offer 
marked advantages as material for study of the basic physiology 
of the hvmg cell m its relationships to physical and chemical 
environment More particularly those forms referred to as 
autotrophs show behaviors and characteristics, whose study 


will doubtless assist m providmg an understandmg of the primi- 
tive and unspecialized cell According to generally accepted 
behef of biologists, life on earth is charactenzed by a gradual 
though distmct speciahzation of the simple forms of life to highly 
differentiated organisms A spectrum may be visuahzed show- 


mg this transition from organisms requinng only an inorgamc 
substrate for existence, on the one hand, to those extremely 
parasitic (differentiated) forms such as the viruses on the other 
The degree of speciahzation may be mdicated by the adaptabihty 
of the organism to its environment The autotroph must have 
been among the early forms of life, a conception strengthene y 
the ease of adaptability to changing environment In t ose 
prehistoric times bacteria must have been chemo^ e 
deriving their energy m the transfer of hydrogen to C s (o S®* 
carbophilous forms) It is likely that the use of oxygen is a more 
recent acquirement masmuch as aerobes employ t e aimero^^^ 
hydrogen-activatmg mechamsm in connection wi^ a coor ® ^ 
aerobic mechamsm which permits them to utdize Os m a y o 
acceptor in place of some mtermediately formed , v 

an anaerobe In thia sense, an aerobe re an 
possesses an aerobic mechanism, therefore ^aero- 

autotrophs must have preceded the aerobic the 

bic dissimilation is sunpler, less speciahzed “ , ^ ^g^entia- 
energy requirements for organisms with autotroph 

tion Thiobaallusdmttrtficansismohhga.tean , yifunc 

which oxidizes HsS, S, thiosulfate or ^ jfOj Th® 

acid with the simultaneous reduction of these forms 

methane bacteria are to be mentioned since s 
can obtam then energy ohemosjnlheticaUy from 



WSSniII,MIO„ OP CAPBOHmBAPPs jgg 

CO 2 -f- 4 Qjj I n TT r) 

chemosynthetic autotrnntc better-Icnown aerobic 

obtain relatively more en ’ tbeir utilization of Oj 

bve of this group are Th substrates Iliustra- 

the origin ofiho u! differentiation occurred 

Pooetrated foPn>o When su^ht 

Possibdte offered by rlZn?™ 0 “'®“ ““P‘“* «■« 

synthesize what was perhaps th^fiT energy to 

transformer In this^ n. photosynthetic bio-energy 

reduce CO 2 and durinnfb ' furnishes the energy to 

oxides The existenfe ^nf oxidized to sulfur or its 

suspected since the work of bactena had been 

7^bed bacteria sho^f. ^ Engelmann (1883, 1888) which de- 

Every effort was madT^f.h absorption spectrum 

^sding this and meofrn bberation of gaseous oxj^gen, 

®^^tbetic type of necessity for H^S, a cheL- 

tance m the behef that PostuJated and gamed accep- 

Such an eZl f^^y^^Senation of HS provided the 

roleofhghtoraccountfir^n ''''' however, did not explam the 
It rnpv,_ , - account for the erowtb nf f h^ „ 



tbe process and to harm^ (^931 1935) to reveal the true nature of 
purple the known facts He showed that 

“Ifate H,S + frn f O stoichronretncaliy to 

case of the gretn K. ^ ^ + 3SO, In the 

^SsS 4 - qq the HzS is oxidized only so far as sulfur 

s^rated an endoveno" it ^ ^ Roelofsen (1935) demon- 

'"“^ediately m the dark, the CO 2 was 

bberation of t hberated, and that indeed, 

of the ^® ^'^euted but rather sulfur in the 

sulfur bacteria oxides in the case of the purple 

^^^zoModoceaei the purple sulfur bacteria 

Molecular hvnt ^ Purple bactena (Athtorhodaceae) can utihze 
b*botosynth eertam orgamc donators 

'^bemical and^^^i show an intimate relationship of 

®'^®rgy servpt; energjr-jnelding processes wherein chemical 
reduce the COj to carbohj'drate and at the same 
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oxidize the chlorophyll to dehydrochlorophyll (Conant 
Dietz and Kamerhng, 1931) Sunhght then 

energy to regenerate the chlorophyll 


6CO2 + 12 chlorophyll — 

12 dehydrochlorophyll + CjHijOs + 6 E,0 

12 H2O + 12 dehydrochlorophyll 12 chlorophyll + 6 0, 

The use of sunlight was a great step m reheving the photosyn- 
thetic bacteria of chemos5Tithetic chores, the necessity of provid- 
ing energy was thus solved by organisms “clever” enough to use 
chemical energy to synthesize a converter capable of utilizing 
solar radiation Since van Niel (1931) has shown that green and 
purple sulfur bacteria are able to reduce COj by means of hy- 
drogen from HjS with the assistance of radiant energy, the de- 
velopment of umceliular chlorophyll-containing organisms would 
be but a step in phylogenetic development 
The gradation of bacterial metabohsm may be further ex- 
tended We find the facultative heterotrophic forms which 
function as autotrophs but can use more complex compounds as 
sources of either nitrogen or carbon or both, and the facultatne 
autotrophs preferring complex sources of mtrogen and carbon 
but still able to use morgamc sources Perhaps these two groups 
should be recognized as one, 1 e , the facultative forms, but the 
important point is that as the spectrum is extended from the 
obhgate autotrophs to the obhgate heterotrophs, the speciahza- 
tion IS marked by a gradual and progressive loss of certain syn- 
thetic properties The utilization of CO2 by the propionic acid 
bacteria (Wood and Werkman, 1936, 1938) may represent a 
vestige of autotropiusm in otherwise heterotrophic organisms 
Synthesis of chlorophyll may have been an extremely impor- 
tant event since it would have made free oxygen available as a 
hydrogen acceptor That is, it became possible for aero ic 
forms of hfe to develop, and the use of free oxygen 
creased the energy economy of the cell It is hkely that ^ 
entiation of the anaerobe mto an oxygen-utihzing type e ^ 
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development of senes of reversible graded energy systems winch 
released energy for use of the orgamsm in convement quantities 
resultmg m a smooth, even flow With mereasmg differentiation 
the number of oxidation-reduction systems employed by a cell 
became greater and successive systems mvolved more components 
to 3aeld a smoother flow of energy 
However, differentiation and speciahzation among the aerobic 
forms also must have occurred m the course of phylogenetic 
development Among the first aerobes vere those which used 
oxygen directly as a hydrogen acceptor This simplest of 
aerobic oxidation meehamsms would result m a sudden and 
uneconomic release of energy It would be interestmg to search 
for simple oxytropic systems in the primitive bactena If such 
systems do still exist, they must be rapidly disappearmg with 
development of specialization and differentiation Later, there 
oveloped more efficient yet more speciahzed types of respiration 
®uiploying hydrogen carriers such as respiratory pigments and 
navoproteins, and still later, types such as the cytochrome- 
contaimng forms requiring two or more earners and oxidases 
Certam bacteria require small amounts of a considerable 
number of growth substances (dissimilation and assimilation fac- 
ors) m their metabohsm exclusive of protems and carbohydrates 
ustrative of this group are tb»amm (as cocarboxylase) es- 
sential m pyruvate metabohsm, nboflann (yellow enzyme 
^oup), and mcotimc acid or its amide m hydrogen transporta- 
'un, adenylic acid and its diphosphate and tnphosphate in 
P usphorylation, vitamm Be and pantothemc acid whose func- 
^ons are unknown at present 

^^^nnsly since the autotrophic organisms do not require the 
^ tion of such factors to the medium, they must either symthe- 

their own or do not require them m their metabolism Evi- 
®nce supports the former assumption although instances probably 
be found m which the latter assumption applies Aero- 
ocier aerogenes and Escherichia coh synthesize thiamm so rapidly 
at they cannot be depleted by growmg on a thiamm-free 
^ 'um, whereas the more fastidious Propionibacterium penio- 
^oceum shovs great stimulation on addition of thiamin to cultures 



192 


C H -WERKMAN 


which have been grown on a medium rich m the vitaiMn and then 
transferred to a vitamin-deficient medium for not to exceed three 
successive transfers (Silverman and Werkman, 1938) After 
additional transfers Propiombacienum pentosaceum acquires the 
ability to synthesize its thiamin The more parasitic orgamsms 
require the addition of the various factors to a synthetic meduim, 
whereas probably many of the factors necessary for growth of 
the extreme parasites in artificial medium are as yet unknown 
The “growth factor" requirements of orgamsms of this portion 
of the spectrum probably will be greatly extended 
Bacteria show marked abihty to adjust themselves to their 
environment by selection and by mutation Dissimilation of 
specific carbohydrates can no longer be as rigorously accepted 
in differentiating species or genera as m the past Bacterial 
vanabihty remmiscent of a primitive nature is of the greatest 
value in the study of cell genetics 
Stephenson and her coworkers have demonstrated that adap- 
tation can occur in the parent cell, and it is probably not neces- 
sary that the cell multiply in the presence of the specific sub- 
strate in order to produce the enzyme for its breakdown Id 
this ease, the addition of the specific substrate to non-proliferat- 
ing cells IS sufficient to evoke the enzyme In other cases, the 
presence of the specific substrate has httle to do with the ap- 
pearance of the enzyme which may be effected by other factors 
Thus alamne deaminase m Escherichia coli is not increased b} 
the presence of alanine and may be all but elunmated by t e 
presence of glucose (Stephenson and Gale, 1937) 

It IS our experience (Wiggert and Werkman, 1939) that two 
distinct physiological types of cells of Propionibactennm pc” 
saceum differing m sodium fluoride sensitivity and, ^ 
portant, m abihty to ferment phospboglycenc acid, res ro 
culturing in the presence and m the absence of sodi^ 'Effects 
Bacterial variation must of course be differentiated ? 
due to variation m physical and cbenucal environmen ^ 
culturing Since mere traces of elements or compoun 
all that IS required for a luxuriant growth or activity, an a 
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vanation in a microorganism may result from unmtentional 
differences m the medium 


DISSIMILATION OF CARBOHTDKATES 

For present purposes, bactenal metabohsm will be discussed as 
schematized m figure 1 The discussion wiU emphasize dissimila- 
tion, which may be defined as the transformation of the substrate 
to yield energy to the orgamsm, as distinguished from those 
endothermic changes which characterize assimilation Dis- 


Assimi- 

lation 


Bactenal 

metabolism 


Dissimi- 

lation 


Aerobic (Func- 
tiomng with 
dehydrogenases) 
(Oj-activation) 
(Respiration) 


Anaerobic 

(H;-activation) 

(Fermentation) 


Principal Respiration involving 
Cytochrome and O* 
Flavoprotein and cytochrome 
and O2 

Secondary Respiration involving 
Hj and Oj direct 
Hj and flavoprotein and Oj 
Peroxidase 
Lucifenn 

Pigments (e g , phthiocol, 
pyocyamne, toxoflavin) 
Involving anaerobic 
dehydrogenase 
sj stems 


Fig 1 Schema of Bacteeiai. Metabousii 

sutulatiou may, of course, also furnish certam mtermediate prod- 
ucts necessary as buildmg blocks m assimilation 
For convemence of discussion, we shall speak of aerobic dis- 
similation and anaerobic dissimilation The former is respira- 
tion, the latter is fermentation m the Pasteunan sense Both 
ure truly oxidative processes 

We owe much to the gemus of Pasteur who recogmzed that 
the absence of a respiratory process resulted m “la fermentation, 
c est la vie sans am ” It was Pasteur who recogmzed the physio- 
logical equivalence of fermentation and respiration 
Fasteur (1876) in givmg a broad interpretation of what is now 
known as the Pasteur effect stated (free translation) “Fermenta- 
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tion IS a very general phenomenon It is hfe without air, life 
without free oxygen, or in more general terms, it is the result of 
a chemical process on a fermentable substance, i e , capable of 
producing heat by decomposition ” 

"Fermentation — a chemical process, connected with the vege- 
tative life of cells — takes place at a moment when these cells, 
ceasing to have the abihty of freely consuming their substrate 
by respiratory processes — that is, by the absorption of free oxygen 
— continue to hve by utilizing oxygenated substances like sugar 
This characteristic (of fermentation) is always ready to manifest 
itself and m reahty does so as soon as life ceases to perform its 
functions under the influence of free oxygen or without a quantity 
of that gas sufficient for all acts of nutrition ” 

Pasteur, with keen insight, has thus given us a concise picture 
and it IS convenient to recognize his differentiation His general 
concept has required modification only m one respect in which 
subsequent investigation has shown lack of breadth, le, his 
insistent demand that the phenomena of fermentation are cor- 
relative with life or vital activity (cf Burk, 1937) Buchner s 

preparation of an active “press-juice” in 1897 did much to pus 
Pasteur’s views into the background for two decades However, 
in this respect it should be noted that to date no active prepara 
tion, free of cells or cell fragments, of the respiratory enzymes 
has as yet been obtained At any rate, the wisdom ot as eur 
did not prevent an undue emphasis bemg placed on the ro e o 
oxygen m biological oxidation after the discovery of oxygen 


Priestley and the enunciations of Lavoisier , 

The terras respiration and fermentation have been , 

defined and used, even by the same author It is not so imp 
whether one or another term is used, as it is that e e 
ployed be adequately defined in the light of our of 

edge Differentiation of the two processes is so e y a 
converaence and no fundamental difference g^gaied 

intimate relationship of fermentation and resp»^ 
in the Pasteur reaction, a Phenomenon whic 

adequately elucidated but does show the Q 
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dependence of the two processes TL. i ) 

reactions has never been between the two 

f cepted that aeloLc d“ ™ ° “’f *<=“erai]y 

^mentation, le aerobic I l I 2 associated with 

preceded by anaerobic dissimilation is always 

spite of the discoverv^nf ^P^°^P^°^y^ation and sphtting), 
or that monoiodoacetic oxidizmg glucose directly, 

fememat™ and not respnlon “““‘nations mlnhte 

(% ')areL''SsMctL^™T’ ^““daty reapn-at.on 

wa cells other than bactenr “s 

“®s Future mvest™«t.! for oomplete- 

P™"* detaUs of mXCr^ " allocations and 

^'^ological oxidation 

^aDifesteTtsdf oxidation-reduction 

to an acceptor th^ . (®^®otrons) from donator 

Clark ( 1923 ) has yielding energy to the organism 

withdrawal . °^dation as 

addition of ^ substance with or without 

ttie Withdrawal of oW ®^®°roDts analogous to oxygen, or as 
hydrogen or elpm ^th or without the withdrawal of 

'’^ygen IS that ofT? ^“^Jogous to hydrogen ” The r 6 Ie of 
tions the 0 i«! ydiogen acceptor Under anaerobic condi- 
Thunberg not 7 smtable Hj-acceptor 

1922b, 1925 ) Wieland (1912, 1913, 1922a, 

present knowlpHcr us with the basic concepts of our 

^he transfe r ^ biological oxidation-reduction 
hnown as debvrf^ ydrogen is activated by specific enzymes 
provide for thp Wieland's origmal concept did not 

Dator Ji jg iwation of the Hr-acceptor but only of the do- 
activatioQ 6 p that certam of the acceptors do not require 

^ost naturahv* methylene blue On the other hand, probably 
"activatf acceptors do require activation The 

bon be attemnt^l defined, nor will any rigid defim- 

® For the time bemg, we must sense the mean- 
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mg Suffice it to illustrate the point If succinic acid and methyl- 
ene blue coexist m solution, no detectable chemical change occurs 
even after long time, i e , the substrate is stable even m the pres- 
ence of oxygen, however, on addition of an active suspension 
of washed cells of Sschenchta coh, the methylene blue accepts 
hydrogen to become reduced methylene blue and succmic acid 
IS dehydrogenated to form fumaric acid In this case the suc- 
cimc acid molecule has been activated to donate hydrogen to 
methylene blue The tngger-like activation has imtiated the 
the transfer of hydrogen The term activation is used to express 
a general concept, i e , that certain metabolites such as glucose, 
succimc acid, lactic acid, polyalcohols, etc , are so changed under 
the influence of certain specific cellular agents that hydrogen 
atoms may become transferred to reducible substances (H'^ac- 
ceptors), a transfer which otherwise would not occur (Thunberg, 
1937) The phenomenon requires a designation, and the terra 
activation is as convenient as any and does not imply the nature 
of the mechamsm responsible (cf Michaehs, 1933) Not only 
IS activation necessary but the donator and acceptor must be 
suitable, i e , the transfer of hydrogen must result in a decrease in 
the free energy of the system It should be emphasized that 
the transfer of hydrogen anaerobically is as truly an oxidation 
as its transfer aerobically where 0* is the acceptor It is now 
becoming clear that this transfer occurs in orderly fashion an 
has a complex mechanism It may occur between moecues 
or within the same molecule and may be symbohzed thus 

AHs -f B A + BHi (or ABHi) 


ABE, ... AH,B(or AH, + B) 

Wieland (1925) provided support for his 
strating the oxidation of acetaldehyde to acetic aci 
bacler m the absenee of free oxygen 5 “1“ .nJ 

hydrogen acceptor In this case, the “’*/A„j,Leiiase and 
two atoms of hydrogen are activated by a de y S 
transferred to the methylene blue 
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CHjCHO + HiO 


OH 

CHa— C^OH 


H 


OH 

CHjG^OH + MB CHiCOOH + MBHj 
H 

Dehydrogenases Ehrlich as early as 1885 injected methylene 
blue into animal tissues and found that most of them reduced 
the dye Schardmger m 1902 discovered an enzyme m milk 
which reduced methylene blue in the presence of an aldehyde 
It Tvas not until a decade later that the sigmficance of the action 
of such enzymes was reahzed and dehydrogenases were recog- 
nized as enz3mies activating the release of hydrogen from the 
molecule of the donator, the hydrogen bemg transferred to an 
acceptor Thunberg’s methylene blue techmque (cf Ahlgren, 
936) IS generally used to demonstrate the presence of a dehydro- 
genase Dehydrogenases may function m the transfer of hydro- 
gen from the donator directly to oxygen as the acceptor Such 
e ydrogenases are called oxytropic dehydrogenases and ap- 
parently form HjOz It is difficult to differentiate the oxytropic 
e ydrogenases and the oxidases Perhaps no harm will result 
we think of the dehydrogenases as activatmg the release of 
oxidases as activatmg the oxygen as an acceptor 
tropic dehydrogenases function with suitable dyes as 
cceptors m the absence of Oz and may, or may not, be cyamde- 

'I^bey do not require coenzymes or the cytochrome- 
oxidasg - 1 - — 



recourse to earner systems 
thf> ^ ^^^®^obic dehydrogenases are those capable of activating 
acl3 of hydrogen in a system m which the immediate 
dehvrl^^ ^ molecular oxygen Certam of the anaero i 
reamr function through coenaymes which may m turn 

oS ^ ^^f'y^ogenase, e g , diaphorase, to activate the release 
“'i5'*ogeafr„^ttere<iueed coe£.yme Theroute of hydrogea 
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transfer is generally devious and may not be a single or fixed 
path, it IS not unlikely that any naturally occurring reversibly 
oxidizable and reducible substance of suitable potential may 
function as a transporter of hydrogen Among those occurring 
in bacteria are riboflavm, cytochrome, coenzyme I and II, 
pyocyamne, phthiocol and toxoflavin For a summary of dehy- 
drogenase systems and bactenal fermentations the reviews of 
Kluyver (1935), Harrison (1935) and Potter (1939) may be 
consulted 

Coenzymes In addition to the hydrogen donator, the hydro- 
gen acceptor, necessary dehydrogenases and supplementary 
factors such as water, buffers and morgamc ions, many biological 
reactions require the presence of coenzymes A coenzyme may 


be defined as a dialyzable, thermostable substance necessary in 
addition to the enzyme and substrate to mitiate a reaction A 
coenzyme is usually an orgamc compound although the term was 
first used by Bertrand (1897) to charactenze morgamc ions 
(Ca and Mn) which activated plant enzymes The present 
usage dates from the work of Harden and Young (1905, 1906) 
who found the thermostable, dialyzable fraction of yeast-jiuce 
necessary to mitiate fermentation m the residue Considera e 
confusion existed regarding the nature of yeast coenzyme (co- 
zymase) In fact any dialyzable, thermostable substance stim 
ulating the action of yeast press-jmce was considered a co 
enzyme, 1 e , Mg, K, PO^, hydrogen acceptor (necessary to mi is 
certain reactions which contmue by virtue of acceptore orm 
subsequently), anti-protease and Euler’s principle i. 

the work of Euler (1936) and Warburg m recent years, 
progress has been made in elucidating the function o , 
Cozymase I of Euler and cozymase II of Warburg an 
both of which are adenylic acid nucleotides of ,,{0 

amide, are important ^-carriers, capable of passing 
flavoprotem Coenzyme II acts with bex^se^o^Hactic 
dehydrogenase, coenzyme I acts with hexose p Recently 
acid (muscle), alcohol and malic acid dehydrogena 
Euler and Adler (1938) have shown the biological mter- 


of the two coenzymes 
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A coer^Toe may function m one or more of several ways, 
e , as a Hj-carrier, phosphate-carrier, oxygen-carrier or in wavs 
not now clear. Euler and Myrback (1923) proposed the tem 
zymase or the coenzyme of alcoholic fermentation, whereas 
e ^zyme free from coenzyme has been termed apozymase 
Euler, 1931) The present tendency is to use the 
'?nKc+ ^ referring to thermostable, dialyzable orgamc 

corl ^ ^ ’ Harden and Young’s coenzyme (cozymase, 

enzvnf coenzyme I, diphosphopyridme nucleotide), co- 
e (triphosphop3Tidine nucleotide), cocarboxylase (thia- 
“m mophosphate), and adenyhc acid 

g . , coenzymes were formerly looked upon as separate 
enzvm^ which accelerated the reactions brought about by the 
shipm^^ proper, our pomt of view is changmg The relation- 
^ union of coenzyme and apoenzyme to form the 
On th^ ( oloenzyme), the coenzyme bemg a prosthetic group 
separat ° the coenzyme may constitute a relatively 

modifi "'uew of recent results, both concepts or a 

the cn ^ n,pply It is probable that m certam cases 

cnzvm^^H^^ ^ easily dissociated, whereas with other 
Thelatt^ sociation does not occur with our present methods 
ns not he represented by those enzymes now considered 

the coenzymes Theorell (1935a) concluded that 

coenzvrrf combmed with the substrate but not with 

the suK^t (noenzyme II) although the latter did combme with 
(1928^ rate-enzyme complex On the contrary Warburg 
(I935b^ T ^ upon the umon of enz 3 rme and coenzyme Theorell 
group 1 ^^^ riboflavm-protem mto a protem and a prosthetic 
Phospbat ^ protem could be combmed with flavm 

^“‘’'eticaUy to form an active enzyme 
thetic ero protein has been combmed with a pros- 

smple end^ ° 3ueld an active enzyme It seems that there is 
holoenzvm ^ question of ease of separation of the 

Dew j Warburg) mto coenzyme and apoenzyme 

Probablv ti, separation are developed it will be found 

Will be di<; enzymes now considered to require no coenzjme 
sociated mto coenzyme and protein carrier 
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There is evidence that the pyridine nucleotides (coenzynies 
I and II) also combine with specific proteins to form active 
complexes but that the latter are easily dissociated, more so than 
the flavin proteins 

A cell provided with suitable dehydrogenases with necessary 
coenzymes, Hrdonators and Hs-acceptors is still not equipped 
for dissimilation The evidence seems clear that phosphoryla- 
tion plays an essential role in the dissimilation of glucose by the 
normal cell and that phosphate-carrying coenzymes are necessary 
Although it was formerly beheved that the r61e of phosphoryJa- 


(1) AHj (substrate) 


(2) Phosphorylatton 


Phosphorylase 
Coenzyme (P-carner) 
P 

Mg 

Creatine (bactena?) 


(3) Dehydrogenases 

(4) Coenzymes (Hi-carners) 

Intermediate 
products of 
glucose or 
protein 


Anaerobic 


(5) Ha-acoeptors j 


Cytochrome oxidase 
Direct 
Flavoprotem 
Pigments 
Peroxidase 


Aerobic 


Fig 2 Components of Aerobic and Anaerobic Dissimiiation 

tion was limited to the early stages of glycolysis, it is 
that it IS essential in all but the last steps following ^ 

It IS possible that bacteria and fungi possess ^ , A. 

mechamsm to utilize carbohydrates not P and 

tion (cf Nord, Dammann and Hofstetter, pbos- 

Werkman (1938) have recently shown the asso 

phorylation of glucose and glucolysis ATA jg general!) 
kosphorylation of glucose by tissue and yeast ceJJs is g 

accepted (Macfarlane, 1936) 
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°f wew discuse^'hOTever^rmf °'b° ‘ie Pomt 

m aDaerobic md aSfd T‘°® »f factors necessary 
“ »«d that aerobX'^IZ^^*’'’” Sp‘ 

of amtabie dehydrogenase^steS condrtioned on the presence 

<l®mdation*S ae^‘”ie tha?Z “7^“' ‘'“'P anaerobic 
sunilation by Oj to CO 2 and FT O energy of glucose das- 

greater than the anapLh, ^ approxunately a dozen tunes 
acid as the final product ^ leadmg only to lactic 

j-obie beha^^or'^^We obselv^thS^^ ^ example of anae- 

by the sugar remains locked represented 

^«d (cf Burk, 193^ molecules of lactic 

us assume that the dissimil^,r°''^®® uneconomical Now let 
a hydrogen ^ Presence of oxygen 

CO 2 and H 2 O results m the format^? 

Anaerobic Dissimilation Involvmg Lactic Acid 
CsHuOe -> 2 CH 3 CHOHCOOH 
— AF = 54,740 calories 

erobm Dissimilation to Carbon Dioxide and Water 
2 Pw o ^ CH 3 CHOHCOOH 
cSoTOOT? i°?r7 * CH-COCOOH + H.0 

664,000 calones 

remaii°c!lLte^®"^^®^ *^at the energy released by dissimilation 
^ ® ' tbe availabt' Products remam the same 

Q^ediary breakdown "^^ependent of the path of the inter-’ 

It ^fanmrohic dissimilation (fermentation) 

secondly anaerobic dissimilation and 

•“'■-deictedtr:re"br‘‘ - 
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Bacterial dissuiulation generally involves transformations 
in the glucose molecule or a polymer as a source of energy For 
this reason glucose will serve as the substrate m the discussion 
of anaerobic dissimilation, and certain analogies will be drav/n 
with schemes of metabohsm which have been proposed for muscle 
and yeast m particular Recent progress in our knowledge of 
the biochemistry of muscle metabohsm has led to marked changes 
in our views regarding the dissimilation of carbohydrates bj 
microorgamsms, especially the heterotrophic forms 
Our knowledge of the intermediary metabolism of the auto 
trophic bacteria is quite fragmentary The metabolism of the 
heterotrophic and more highly speciahzed forms bears at least 
in part, a similarity to that of animal cells with regard to en- 
zymes, coenzymes, carriers and other agents We have little 
information regarding the autotrophic intermediary mechanism 
Our discussion then is concerned more specifically with bacteria 


belonging to the heterotrophic Euhactmales 
Numerous theories have been proposed to account for cellular 
dissimilation, it has been well established that the hvmg cell 
must have energy to carry on its metabohsm, grow and repr^ 
duce, this energy is furnished stored in the food molecule v/hc 
must be rearranged to provide available energy to the cell ims 
is, of course, excluding the photosynthetic bacteria which uti ize 
the energy of the sun, as do typical chlorophyll-contaimng plan s 
The Embden-Meyerhof-Parnas theory The work of Em en, 
Deuticke and Kraft (1933) dealt with muscle metabotem 
Meyerhof greatly expanded the work with muscle and ex en e 
Embden's theory to yeast The investigations of these vior 
m the field of muscle and yeast metabohsm have 
inestimable value in the field of bacterial metabohsm 
and coworkers have presented experimental evidence 
Embden-Meyerhof-Parnas theory finds apphcation o 
by their isolation of the key intermediate of tha ^ 
phoglyceric acid) from a wide variety of bactena 

Phosphoglyceric acid was first isolated m th 
from Citrobacter freundtv (Werkman, Zoel ' proptoni- 
Reynolds, 1936) and later from Escherichia, Aero > 
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hadenum (Stone and Werkman, 1936a, 1936b), and organisms of 
a relatively large number of genera Bacillus, Azotobacter, Ser- 
raha, Lactobacillus, Streptococcus and Staphylococcus (Stone and 
Werkman, 1937, Werkman, Stone and Wood, 1937) Recently 
Endo (1938) m Meyerhof's laboratory has confirmed and ex- 
tended the work m the case of E coh 

Much of the work has been carried out on cell-free jmces of 
yeast and muscle Satisfactory bacterial juices are difficult to 
prepare Booth and Green (1938) have prepared an active jmce 
m a roller gnnder and Wiggert, Silverman, Utter and Werkman 
(1939) have obtamed an active preparation by grmdmg the cells 
With powdered glass and centrifugmg the resultmg jmce m a 
Beams ultracentrifuge Such an active jmce can be dialyzed 
and essential coenzymes thus removed, studied and identified 
In addition to dialysis, specific inhibitors can be used to suppress 
certam reactions leavmg others active, also, certam agents may 
be used to fix mtermediate products for identification Fmally 
one arrives at results from which a general scheme of fermentation 
can be synthesized Silverman and Werkman (unpublished) 
have prepared a cell-free jmce from Aerobacter acrogenes capable 
of makmg the followmg conversion 2 CH3COCOOH — ^ 2 COj -j- 
CH3COCHOHCH3 The simple system may provide a method 
of attack leadmg to the elucidation of the sjmthesis of 4-carbon 
compoimds from 3-carbon substrates The use of dialyzed cell- 
free jmces should permit us to reconstruct the biochemical 
events occurrmg m bacterial dissimilation This method of 
attack has proved profitable m studies on animal and yeast 
nietabohsm, it should prove equally valuable m studies on 
bacteria (cf Parnas, 1938a) 

The scheme of Embden, Meyerhof and Parnas is given m 
figure 3 for reference The reactions consist of oxidations, 
hydrolyses and phosphorylations 

If IS generally accepted that cellular utihzation of glucose 
involves its phosphorylation with a subsequent spht mto phos- 
Phorylated tnoses Hevesy (1938) and Parnas (1938b) have 
conducted experiments with tissues, eggs, milk and yeast fer- 
^^entations with synthetic radioactive adenyhc acid, m which it 
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was possible to trace the radioactive phosphorus After a penod 
of incubation, a considerable portion of the active phosphorus 
was found in the sugar-phosphonc acid ester fraction Evidence 
indicates that this general scheme of events occurs with the 
bacterial cell as well as with muscle and yeast The e%udence is 
clear that phosphorylated hexoses occur in bacterial metabolism 
(Virtanen, 1924, 1925, Virtanen and Karstrom, 1931) Adenylic 


2 glucose + Bdenylpyrophosphate — , 2 hexosemonopbosphate -f 
adenyhc acid 

2 hexosemonophosphate + adenylpyrophosphate — > 2 hexosediphosphate + 
adenyhc acid 

ftldolue 

Hexosediphosphate glyceraldehydephosphate dihydroxyacetonepios 

phate Jl 


+ H, 

a-glycerophosphate 

I 

glycerol + H1PO4 

Glyceraldehydephosphate -» 3-phosphoglycenc acid 2-pbo3phogIycenc scid 

enolaae 

2-pho8phoglj cerate phosphopyruvate + H:0 

2 phosphopyruvate + adenyhc acid 2 pyruvic and + adenjlpyio- 

phosphate 

Adenylpyrophosphate + 2 creatine ^ adenyhc and + 2 creatoe 

phosphate 

Adenylpyrophosphate -♦ adenjlio acid + 2 HjPO* 

Tnosephosphate + CH,CHO CiH^OH + phosphoglycerate 

Triosephosphate + pyruvate > lactate + phosphoglycerate 

Pyruvic acid CH.CHO + CO, 


Fig 3 The Eubden-Mbterhof-Paiu-ab Scheme 

acid and its alhed phosphates act as coenzymes m the 

of phosphate from phosphopyruvic acid to glucose _ 

these adenosme nucleotides are adenyhc acid, 

phone and triphosphoric acids, diadenosme pen . 

acid, diadenosme tetraphosphoric acid and ^ on as 

(Kiesshng and Meyerhof, 1938), all 

phosphate carriers in cellular glycolysis ° . jjgen e:- 

participation of all m bactenal metabolism nas 

tabhshed 
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Phosphorylation of glucose leads to the formation of hexose- 
6-phosphate which is an equilibrium mixture glucose-6-phosphate 
^ fructose-6-phosphate There is as yet no evidence for the 
formation of the Con ester (hexose-l-phosphate) (Con and Con, 
1936, 1937) by bacteria This ester is formed from the polysac- 
charides and rapidly converted mto the 6-ester The 6-mono- 
phosphate IS converted mto the Harden-Young ester (fructose-1, 
6-diphosphate) Phosphorylation of the hexose leads by an 
intramolecular rearrangement to an “active’' form of the sugar 
which IS mdicated to have a furanoid structure by the fact that 
the cardmal mtermediate hexose (fructose-1, 6-diphosphate) is a 
furanoid The diphosphate is the precursor of all tnosephos- 
phate which reacts with cozymase (coenzyme I) This reduction 
proceeds slowly (Meyerhof, 1938) unless a phosphate acceptor 
IS present 

In most tissues the hexosediphosphate is thus converted mto a 
complex equihbnum mixture 

hexosediphosphate glycenc aldehyde 

phosphate dihydroxyacetone phosphate 

The glyceric aldehyde phosphate is oxidized m a coupled reaction 
to 3-phosphogiycenc acid 2-phosphoglycenc acid ImtiaUy 
“■glycerophosphate is formed by a reduction of a second molecule 
of tnosephosphate This type of reaction is called dismutation 
by Neuberg or more generally a Canmzzaro reaction Subse- 
quently the molecule reduced is not tnose but a Hj-acceptor 
which forms later m the scheme (e g , acetaldehyde, pyruvic 
acid) Enolase changes the phosphoglyceric acid mto phos- 
phopyruvic acid which is irreversibly dephosphorylated (Embden, 
Deuticke and Kxaft, 1933) by the adenyhc acid system, which 
may be regarded as a dissociable, active group of the enzyme, 
phosphorylase The phosphate is carried by the adenyhc acid 
(adenosimnonophosphate) as adenosmdiphosphate or adenosm- 
triphosphate, both discovered by Lohmann, to glucose which 
forms imtially hexose-monophosphate and then the diphosphate 
(H^den and Young ester) 

I^eedham and van Heymngen (1935) have reconstructed the 



206 


C H WEBKMAN 


steps between pbosphopyruvate and adenybc acid with the 
formation of adenylpyrophosphate and pyruvate and have 
shown that dephosphorylation of the phosphopyruvate is exo- 
thermic Nature makes considerable use of phosphate transfer 
in connecting assimilation and dissimilation Another reaction 
in which energy and phosphate are passed between molecules is 
that occurring in muscle extracts 

Adenylpyrophosphate -f 2 creatine 

Adenyhc acid + 2 creatmephosphate 

The heat of hydrolysis of adenylpyrophosphate is approximately 
equal to that required m the synthesis of creatmephosphate 
Creatmephosphate appears to serve as a reservoir for phosphate 
It does not occur in yeast, however, and its r6Ie m bacterial 
metabohsm is uncertain 

It is to be noted that the phosphate appears to work m a 
closed system although it has been demonstrated with muscle 
(Parnas and Ostern, 1936, Meyerhof, 1937), yeast (Macfarlane, 
1936) and bacteria (Wiggert and Werkman, 1938) that morganic 
phosphate is taken up and later released from orgamc combina- 
tion Needham and Pillai (1937) and Meyerhof (1937) have 
shown the change, 

Adenyhc acid -j- HsPOi — » adenylpyrophosphate 

to take place by the energy hberated from the followmg reaction 

Pyruvic acid -f tnosephosphate — > lactic acid + . 

phosphoglycenc acid + 8,000 (approx ) ca 

Pyruvic acid appears to be a general intermediary m 
dissimilation of glucose It has been isolated m this ° 
in the case of a relatively large number oi genera 
tmum (Wood and Werkman, 1934), Esehenchta, \ ’ 
Aerohad&r (Reynolds, 1935), Lactobacillus, Closlndtnm, o > 
Azotobacter, among others (unpubhshed data)] .^pEnib- 

In the present state of our knowledge it appears tna ^ 
den-Meyerhof-Parnas scheme of glycolysis finds app ^ 
the anaerobic dissimilation of bacteria 1 ^ggert 

ments with NaF (Werkman, Stone and Wood, > 
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sr- £ns t 

However, the^e S ee“er 2 t“ 

«adUy a “„™al interme*ary Ffet, rt .s 

products (of Tikka 1935/’ j*fa <irssimdated to normal final 
Pkosphate esters le nh n ^ *fre behavior of other 

fke dissinulation'of hexosed °®yoOTe acid can be isolated from 
acd bactem must *''a propionic 

of baetena as oomp^]°S]f^t“ *’'* greater versatihty 
®>iscle and bram differentiated ceDs of 

opon aH ra'Xi2 “d Pyruvic acid may be looked 

ohown “ “‘r?ha^'^ “ “tabohsm It fas 

tram, kidney, yeast fufJf ty muscle, 

products of ciar ®”*“ofe many 

“d fumanc acids etW^f t“‘yno, ™oomic 
2.3-butylene glycol aL^ aoetylmethylcarbmol, 

^Pd hydrogen “'’"Py' ploohol, carbon diox.de, 

“mmo acids In f “ ‘to formation of 

fonn lactic acid pyruvic acid is reduced to 

dfhyde aud CO; Te decarboxyiated to acetal- 

alcohol although ^ normaUy reduced to ethyl 

flkalme pHTetll ! fe^eutation is earned out at relativelV 
form ethyl alcohol « acetaldehyde occurs to 

(J^'euberg’s type^i fermpnf'f f equimolar concentration 
phosphSl mLt ori ^ Lipmann (1939) has shown 
PJTu^uc acid by lacL dehydrogenation of 

^od to sy^thest/,H denved can 

£°sphate and aS? 7^ Pyrophosphate from free 

bacteria S ^ 

complex Lactic ^^olvmg pyruvic acid are more 

groups I e Ln ^ -k^ 77 be formed by certam 

^ ' ^ 0 , LoctohaciKna, TSfrap/ncocoi., Badllns, other ^ou^ 
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possess an essentially alcohtolic meclianisni, 0 g ^ Sutciuo, vsn- 
irtcuh (Smit, 1930) A mixed lactic-alcoholic type of dissimila- 
tion IS shown by Thermobaclenum mobile which converts glucose 
into lactic acid (about 7 per cent), ethyl alcohol and CO2 (45 per 
cent each) (Hoppenbrouwers, 1931) Other bactena possess 
more complex mechamsms for the dissimilation of pyruvic acid 
Pyruvic acid may undergo the following changes anaerobically 

(1) CHaCOCOOH CHaCHO -b COj (decarboxylation) 

(2) CHaCOCOOH + HOH CH3COOH -b HCOOH (hydrolysis) 

, CHaCOOH 

(3) (1) followed by 2 CH3CHO ( (dismutation) 

^ CjHsOH 

(4) (1) followed by 2 CHjCHO CH3COCHOHCH, (condensa 
tion and reduction) 

CHjCOCHOHCHa -b 2 H -> CHjCHOHCHOHCHa 

( 5 ; CHaCOCOOH -b HOH 

CHaCOOH -b 2 H -b COa (dismutation) 

CHaCOCOOH -b 2 H CH,CHOHCOOH 

Reaction (1) is shown by both yeast and bactena {Sarcina i'««' 
inciih) (Smit, 1930) Reaction (2) occurs apparently with many 
bacteria especially in the family Bacienaceae Organisms possess- 
ing hydrogenylase split the formic acid into Hj and CO2 (.Esch- 
erichia coll) (Stephenson and Stickland, 1932), whereas in other 
species formic acid accumulates (Eberthella type) Reaction ( ) 

IS shown by yeast growing in a relatively alkahne medium (Neu- 
berg and Hirsch, 1919), and probably by many bactena Eesc 
tion (4) may account for the formation of acetylmethyicar mo 
and 2,3-butylene glycol by Aerobacter and yeast (Neubergan 
Reinfurth, 1923) Reaction (5) is a dismutation demonsfrao 
for the heterofermentative lactic acid bacteria by N® ® ® 
Werkman (1936), confirmed by Krebs (1937a) for stap 
and suggested by Quastel and Stephenson (1925) to 
the anaerobic dissimilation of pyruvic acid by Eschenc w 
The propiomc acid bactena bring about a dismutation 0 p 
acid to propiomc acid (through lactic acid) and acetic ac 
CO2 (van Niel, 1928, Wood and Werkman, Jaf,on 

Peters (1936) greatly mcreased our knowledge of oa 

of pyruvic acid by his studies on the vitamin Brde 
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brain The addition of thiamin stimulated the dissimilation 
of p3rruvic acid Lohmann and Schuster (1937) showed that 
the coenzyme of pyruvic acid decarboxylation was thiamm 
pjTophosphate, Lipmann (1937) then showed that thiamm 
pyrophosphate was mvolved m the dehydrogenation of pyruvic 
acid by an acetone preparation of Bacterium actdificans-longis- 
simum Hills (1938) reported a marked stimulation m the 
pyruvate metabohsm of Staphylococcus aureus grown m thianun- 
deficient media by simple addition of cryst allin e thiamm Silver- 
man and Werkman (1938, 1939a, 1939b) have shown that cell 
suspensions of Propiombacterium pentosaceum and P peters- 
sonii reqmre thiamm m the dissimilation of pyruvic acid and 
that there is an adaptation to the synthesis of thiamin by P 
Pentosaceum after growth m a thiamm-deficient medium Bar- 
ron and Lyman (1939) foimd gonococci. Streptococcus hemolyiicus 
and Staphylococcus aureus to be stimulated m the breakdown of 
pyruvic acid by the addition of thiamin 
Although the dissimilation of pyruvic acid has been rather 
extensively studied, there is every reason to beheve that there 
exist additional ways by which it functions m cellular metabolism 
of glucose Wood and Werkman (1938) have suggested m con- 
nection with the utihzation of carbon dioxide by heterotrophic 
bacteria that the formation of succimc acid mvolves pyruvic acid 
hey showed a direct correlation between the succmic acid formed 
and carbon dioxide fixed, furthermore, that sodium fluonde 
mhibits COj-fixation and that the formation of succimc acid is 
reduced to the same extent This would suggest the possibfiity 
that the utihzation of carbon dioxide mvolves a direct muon 
^th pyruvic acid Perhaps this occurs ev'en m photosjmthesis 
hould this suggestion be confirmed, it would offer an avenue for 
nect attack on problems of assimilation 

■Aerobic dissimilation {respiration) Cellular respiration con- 
sists essentially of the dehydrogenation of the substrate molecule 
^th transfer of hydrogen to gaseous oxj'gen through a senes of 
o'ndation-reduction systems mvohmg primarily the transfer of 
6 ectrons The energy is thus hberated m a smooth contmuous 
nianner The dehydrogenases adsorb the substrate molecules 
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and activate hydrogen "which nitimately reaches molecular oxy- 
gen Respiration is frequently defined so as to require the hbera- 
tion of COj, 1 e , a gaseous exchange Such a defimtion cannot 
be rigidly adhered to since the hberation of COj is purely mci- 
dental Most respinng cells do evolve COs although this is not 
always true It is desirable to define respiration (aerobic dis- 
similation) m the sense of a process utihzmg molecular oxygen 
as a hydrogen acceptor The mechanism of bactenal respiration 
has received relatively httle attention 
In the development of our concepts of respiration, the theory 
of the activation of the oxygen molecule was first generally 
accepted following the work of Bach However, this theory of 
oxygen activation subsequently was found inadequate m itself 
It has been rensed by the Warburg school and concihated with 
the Wieland theory of hydrogen activation almost simultaneously 
by Fleisch (1924), Szent-Gyorgyi (1924), Oppenheimer (1926) and 
Kluyver (Kluyver and Donker, 1926, Eduyver, 1931), inde- 
pendently Eduyver particularly emphasizes the far-reaching 
effects and basic importance of the theory of the unity in the 
chemistry of cellular metabolism, and pomts out the general 
apphcation of the theory of hydrogen transfer in biological oxida- 
tion both aerobic and anaerobic 
The investigations of Warburg have been concerned maimy 
with the r61e of iron m cellular respiration According to 
theory, iron in the form of a hematin derivative is intuna ey 
associated with the catalysis of respiration, the pnmary reac ion 
IS between iron and molecular oxygen and only in this 
can oxygen be used in respiration Wieland regarded ^ 
of the hydrogen as of primary importance, "whereas ^ 
(1928) beheved the essential activation was that of t e 
Ionic iron was not effective, only iron in a complex 
(Atmungsferment) was responsible for respiration 
known that the Atmungsferment is cytochrome 
or very closely related The inhibition of respiration . 

IS plausibly explained by assuming a umon of the iron 
and the cyamde to form an mactive complex 
developed his charcoal model on this premise 
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charcoal is shaken with oxahc acid, an uptake of oxygen occurs 
with oxidation of the oxahc acid The reaction is poisoned by 
cyanide or urethanes as in the case of hving cells The impor- 
tant pomt IS that Warburg found the similanty between the 
charcoal model and the hving cell lay m the presence of iron in 
both systems When charcoals were made from pure cane sugar, 
the product was free from iron and mactive Addition of iron 
salts, however, does not activate the charcoal, m addition orgamc 
nitrogen must be added along with the morgamc iron The 
investigations of Warburg have done much to explam the utiliza- 
tion of oxygen by the hvmg cell They have been extended by 
the briLhant mvestigations of Keihn 
Systems of respiration The simplest system of respiration will 
require a hydrogen donator (substrate), a dehydrogenase specific 
for the donator, and molecular oxygen as the Hj-acceptor It 
IS questionable whether orgamsms dependmg on such a system 
exist Franke and Lorenz (1937) consider their "glucose-oxidase” 
^hich oxidizes glucose to glucomc acid to be an oxytropic dehy- 
drogenase Such a system is illustrated as follows, where AH 2 
IS the donator and O 2 the acceptor 

AHj + H 2 O + A 

This may be the case m the oxidation of ammo acids, and alde- 
nydes (Dixon, 1937) Some dehydrogenases not actmg directly 
With O 2 do so through intervention of dyes (e g , methylene blue) 
or naturally occumng pigments which require no activation to 
^ccept hydrogen and pass it on to oxygen The dyes that have 
sen used do not occur naturally, although many bacteria 
contain respuatory pigments, e g , pyocyamne, phthiocol, chloro- 
raphine and toxoflavm This type of respiration may be lUus- 
rated by the foUowmg scheme, where C stands for the hydrogen- 
carrying dye or pigment 

(1) ABj + C , CHi -t- A 

(2) CH. -}- J Os C + HjO 

However, other systems cannot employ Os directly as an accep- 
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tor of hydrogen, although they may do so indirectly, these require 
specific earners for the hydrogen Such naturally occumag 
earners themselves may require enzymic activation, e g , coen- 
zyme I (cozymase) reqmres activation by diaphorase (coen- 
zjTne-factor) , fiavoprotem requires no such activation Certain 
of the earners function m anaerobic dissimilation, whereas others 
function m connection vvith the transfer of hydrogen to molecular 
oxygen It is the latter type of earner m which we are now 
interested Moreover, m the same cell, dehydrogenation of dif- 
ferent donators may be brought about by different earners or 
combinations of earners Perhaps the most widely distnbuted 
and important of the respiratoiy hydrogen earners is cytochrome 


(Keihn, 1925) 

Cylnchrome-cylochrome oxidase system of Keibn Largely dis- 
regardmg the controversy between T^eland and Warburg, Keilm 
proceeded to concihate and extend the views of the two mvesti- 
gators Keihn’s rediscovery of cytochrome and his investiga- 
tions elucidatmg the properties and behavior of the cytochrome- 
oxidase system constitute the third m this senes of classcal 


mvestigations deahng with biological oxidation-reduction 
INIacMunn m 1886, while mvestigatmg absorption spectra of 
tissues, described absorption bands of hematm compounds which 
are now known to have been those of c 3 rtochrome Severe enh- 
cisms came, however, from Hoppe-Seyler (1890) and the imfi 
discovery of c3d;ochrome (called myo-hematm and histo-hematin 
by MacMunn) fell into disrepute and was not accepted un 
Keihn m 1925, rediscovered and named the respiratory aemo- 


chromogen, cytochrome 

Before discussing the role of cytochrome m bactend 
tion, it IS desirable to make a few general remarks regar g c 


chrome and its function m cellular respiration 
When a heavy suspension of aerobic or facultatne 
under anaerobic conditions is exammed spectroscopically, 
bands of cytochrome are plainly visible Kedm regw 
chrome as consistmg of three separate /L bani 

chromes a, b, and c, each with two ban^ Tte 
(one from each of the three cytochromes) constitu 
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cident lines and comprise band d Bands a, b and c are separate 
and belong to cytochromes a, b and c respectively Cytochrome 
IS a hemochromogen, i e , it is a reduced hematin combmed 
with a protem or other organic nitrogenous group The impor- 
tant pomt IS that cytochrome is oxidized and reduced in a hvmg 
cell, it acts as a hydrogen carrier, passing the hydrogen on to 
molecular oxygen which has been activated by an enzyme for- 
merly called mdophenol oxidase and now known as cytochrome 
oxidase Apparently, the umon of hydrogen with oxygen is 
unusual m that no peroxide is formed With respect to oxidation 
and reduction, the essential part of the cytochrome molecule is 
the iron which can undergo oxidation from the Fe++ to the 
Fe+++ state It is not pertment at this pomt whether the oxygen 
umtes with the cytochrome, perhaps it is sufiBcient to say that 
water is formed m the reduction of the oxygen by hydrogen 
present The transfer of an electron from Fe^"^ to results 
m Fe+++ and H (represented by oxidized cytochrome and water) 
Succmic acid is the prmcipal donator (cf Szent-Gyorgyi, 1937) 
m animal tissue, although it has recently been shown that hexose- 
monophosphate may function Our knowledge of bacterial 
respiration is still too fragmentary to speculate on the occur- 
rence of events in bacteria although succmic acid is of widespread 
occurrence and there is evidence of stimulation of washed cells 
by the addition of the succimc-fumaric acid system Cytochrome 

IS of general occurrence among aerobic and facultative bacteria 
(Tamiya and Yamagutchi, 1933, Yaoi and Tanuya, 1928, Yama- 
Sutchi, 1937, Frei, Riedmuller and Almasy, 1934) and absent 
from most if not all strict anaerobes Such facultative organisms 
ss the propiomc acid bacteria contam the cytochrome-oxidase 
system and it appears probable that contmuous culture of such 
forms m the presence of oxygen leads to an mcreased activity of 
the cytochrome-oxidase system 
The function of cytochrome may be illustrated as follows 

(1) AHo + cytochrome c *tehydrogena3^ ^ reduced cytochrome c 

(2) Reduced cytochrome c + cytochrome c + HjO 
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The reduced form of cytochrome c unhke other hemochromo- 
gens IS not oxidized spontaneously by oxygen but requires the 
action of a specific enzyme, cytochrome oxidase The absorption 
spectrum of reduced cytochrome may be clearly distmguished in 
active cultures of bacteria, even m such essentially anaerobic 
forms as the propiomc acid bactena 
In remaimng types of respiration the hydrogen may be trans- 
ferred through two or more earners Such systems may mvolve 
flavoprotem, i e , "yellow enzyme” of Warburg Warburg’s (cf 
Warburg and Christian, 1938) terimnology has been cnticised 
by Thunberg (1935) and Ogston and Green (1935a) For a dis- 
cussion and comparative table of nomenclature see Dixon (1939) 
Flavoprotem Flavoprotem comprises a protem earner with 
a prosthetic group discovered by Banga and Szent-Gyorgyi (1932) 
who called it cytoflav (cf Laki, 1933) and suggested that it 
played a r61e in respiration Our knowledge of the action of 
flavoprotem is due largely to the work of Warburg and Christian 
(1933) who isolated the conjugated protem from yeast and showed 
that the prosthetic group is Iactoflavin-5-phosphonc acid (also 
called riboflavin phosphate or alloxazine nucleotide) and that 
it does not function efficiently as a carrier until combmed with a 
protein The active nucleus of the prosthetic flavinphosphate 
group IS iso-alloxazme Flavm is iso-alloxazine combmed with 


ribose and is commonly called riboflavin 

Kuhn, Rudy and Weygand (1936) synthesized the prosthetic 
group, and by combimng it with Theorell's protem (1935b) Ku 
and Rudy (1936a, 1936b) showed that the complex was active 
Reduced flavoprotem is spontaneously oxidized by molecu ar 
oxygen when no other electroactive system of higher poten la 
IS present (cf Warburg and Christian, 1933) Normally it rans 
nuts Its hydrogen to oxygen by way of cytochrome « ^ 
present, since the latter step is much more ^ ® „gv 

oxygen tensions presumably present m ™}uch 

The flavoprotem functions with specific 
require hydrogen earners between the substrate an 


protem 
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According to Ogston and Green (1935a), flavoprotem reacts with 
greatest activity, as a hydrogen earner, with hexose diphosphate, 
hexosemonophosphate, glucose and malate as donators The 
normal behavior of flavoprotem may be represented 

AH 2 + coenzyme + flavoprotem Hi-flavoprotem + A 

Hrflavoprotem + cytochrome c flavoprotem + Ho-cytochrome c 

HrKjytochrome c + § O 2 > H 2 O + cytochrome c 

In the presence of cyamde inhibition of the cytochrome oxidase, 
flavoprotem may perhaps, transmit hydrogen directly to oxygen 
although TheoreU considers such a transfer as unphysiological 
Smee L delbruecLit contains no cytochrome which can serve to 
accept hydrogen from the flavoprotem, its reoxidation probably 
depends on anaerobic hydrogen acceptors m the case of these 
bactena Flavoprotem appears to act as a hydrogen earner 
between slowly reactmg systems and its role m anaerobic dis- 
similation IS probably that of a earner Coenzymes I and 11 
reduce it Smee nboflavm phosphate can be reversibly oxidized 
and reduced, it behaves as an mdicator 
Although previously only one flavoprotem was known, recently 
new ones have been discovered m which the prosthetic group is 
flann-ademne-dmucleotide (coenzyme of ammo acid oxidase) 
Haas (1938) has isolated a second flavoprotem from yeast m 
which the prosthetic group, hke that m rmlk flavoprotem, is 
flavm-adeume-dmucleotide and the protem earner differs from 
that of the origmal yeast flavoprotem and with which lactoflavm- 
phosphate is mactive Haas obtamed both fractions separately 
and was able to combme them to form the active flavoprotem 
•Uiaphorase, the dehydrogenase of coenzyme I, recently iso- 
ated by Straub (1939) and Straub, Corran and Green (1939) is 
a flavoprotem The presence m animal tissue of an enzjmie 
catalyzing the oxidation of reduced coenzymes I and II was 
emonstrated by Adler, Das and Euler (1937) and Dewan and 
reen (1938) The latter have demonstrated the presence of 
aphorase m E coli, Bacillus suhtihs and Bacterium profeus 
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Flavoprotein has been spectroscopicaUy estimated in a number 
of genera, e g , Lactobacillus, Acetohacter, Clostridium, Flavobac- 
tenum, Escherichia (Schutz and Theorell, 1938) Its occurrence 
in cells IS general Schutz and Theorell (1938) observed that 
Lactobacillus delhrueckn, E coli, Streptococcus lactis and Flavo- 
bacterium lacticum did not alter their flavoprotein content when 
subjected to aerobic and anaerobic conditions, a finding which 
supports the view of Theorell (1936) that physiologically flavo- 
protein does not react directly with oxygen 
Wood, Andersen and Werkman (1938) have shown riboflavin to 
stimulate growth of Lactobacillus and Propionibactenum when 
added to a medium deficient in this constituent Doudoroff 
(1938-39) has shown a similar stimulation of luminescent bacteria 
The mvestigations of Szent-Gyorgyi (1937) and of Krebs 
(1937b) have led to recognition of still another type of respiration 
based on fumaric acid catalysis In the work of Szent-Gyorgyi, 
it was found that succimc acid was rapidly dehydrogenated to 
fumaric acid through cytochrome These investigators beheve 
that fumanc acid is a Hj-carrier along with oxalacetic acid 
According to Krebs, fumaric acid is a carrier in the respiration of 
certain bacteria such as Escherichia coli and Staphylococcus aureus 
If fumaric acid is a carrier, it should, if present m sufficient 
quantity, carry on the oxidation of the substrate m the absence 
of oxygen and be recovered as succimc acid, and the rate of reac- 
tion should not be less than that m the presence of free oxygen 
Furthermore, it must be shown that succimc acid occurs under 
physiological conditions in the dissimilation of the substrate an 
IS oxidizable m the presence of oxygen 

The rate of the reaction can usually be determined by measur 
mg CO2 evolved or substrate disappearing The reactions may 
be set up as follows 


(1) Glucose -b fumarate — > CO2 -f succinate 

(2) Succinate + 5O2 fumarate + H2O 


Reaction 1 must occur as rapidly as number 2 
Table I taken from Krebs (m7b) 

The final step is to show that the succinate 
port hydrogen to O2 as rapidly as glucose since 
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limit the rate to less than that of glucose In fact, the rate of 
transport of hydrogen to oxygen from succmate is greater than 
the rate of glucose breakdown Smce this is true, some other 
reaction must limit the breakdown of glucose 
An objection which has been raised against the theory of Szent- 
Gyorgyi is based on the well known fact that the 4-carbon dicar- 
boxyhc acids are mtermediary products m carbohydrate metabo- 
lism and are burned m the cell, the inference bemg that ure- 

TABLE 1 


Rates of oxidation of glucose by Bacterium colt by molecular Oi and by fumarate 

(Krebs, 19S7b) 

40°, pH 6 8, 2 mg (dry weight) bacteria per flask 



COj PRODUCED (pi ) 

'nUE ATTEE THE ADDITION OP 0 507 MOU. GLUCOSE 

In the presence of 0, 

Anaerobically in the 
presence of H/20 
fumarate 

mxnutea 



10 

60 6 

78 

20 

139 

162 

40 

219 

198 

60 

237 

223 

80 

246 

245 

100 

254 

262 

120 

263 

280 

Succimc acid* found in the solution (pi ) 


510 


* One milhmol = 22,400 


versibly oxidized substances cannot function as catalysts 
However, we have found a catalytic effect m the metabolism 
of Micrococcus lysodeikticus at low concentrations of fumanc 
acid The increase m oxygen taken up exceeded by several tunes 
Ihe quantity required to oxidize the fumanc acid added 
The succmate is reoxidized to fumarate by the cytochrome- 
oxidase system The type may be represented 

ATT. _ dstydroEenase t diaphorase 

’ > coenzyme i > 

Buccmic 

t , dehydrogenase , , oxidase r\ 

fumarate > cytocnrome > Oj 

* flavoprotem > 0* 







218 


C H WEHKMAN 


Although cell respiration is the sum total of oxygen used by 
all types present in a cell, there is practically no knowledge of 
the proportional respiration accounted for by the different 
mechanisms 


PEINCIPAL AND SECONDARY EESPIRATION 


From the standpomt of the cell, respiration is frequently classi- 
fied either as ( 1 ) principal and secondary or ( 2 ) cyamde-sensitive 
and cyamde-insensitive Principal respiration (Hauptatmung) 
IS that constituting the main types m a normal cell, whereas 
secondary respiration (Nebenatmung) is that which constitutes 
relatively mcidental (non-ferment hemm) respiration In the 
mam, prmcipal respiration is that due to ferment-henun ( 05 ^ 0 - 
chrome) and is cyamde-sensitive although part of the secondary 
IS also sensitive The principal respiration probably mcludes 
certam reactions such as that due to flavoprotem which normally 


brmgs about oxidation through the cytochrome-oxidase system 
but which may transmit hydrogen duectly to oxygen when the 
cytochrome is poisoned by cyanide Alt (1930) has shown that 
cyamde-msensitive respiration is less m normal cells than in those 
that have been injured durmg the experiment It is frequently 
claimed that this observation proves the abnormal character of 
such secondary respiration The finding of Gourdvitch (1937) 
that the amount of extractable flavm is proportional to cyamde- 


msensitive respiration indicates that this secondary respiration 
IS due to a change in the behavior of the "yellow respiratory 
enzyme” to react directly with oxygen after mhibition by cyam e 
It is probable that a substantial part of the secondary respira ion 
of bacteria consists of pigment respiration Present m ac ena 
are many pigments which function as earners or acceptOTS, 
mg hydrogen and passmg it on perhaps directly or m ec y 
molecular oxygen Among the better known are ' 

phthiocol and toxoflavm not to mention those such ® 
which have been more thoroughly discussed a rea y 
cyamne according to Friedherm (1931) strongly s ^ ^ 

respiration of pigment-free strams of Pseudomonas a 
weU as of red blood ceUs He found a more marked effect 
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cells containing henun systems Such catalysis is cyamde- 
sensitive Reduced pyocyanine is autoxidizable and m those 
cases where the oxidation is brought about by direct reaction 
with molecular oxygen (without iron) cyanide will exert no effect, 
6g; pyocyamne respiration of the anaerobic tetanus bacteria 
(Frei, 1934) When pyocyamne acts as the Hi-acceptor m the 
respiration of bottom yeast with hexosemonophosphate as the 
substrate, cyamde (M/600) causes an inhibition of 31 per cent 
of the pyocyamne catal 3 ’'sis (Ogston and Green, 1935a, 1935b) 
The respiration of Siaphylococcnis aureus is strongly stimulated 
by pyocyamne (Ehnsmann, 1934) 

Phthiocol IS a yellow pigment found m the tubercle bacillus 
It exists m the bactena m oxidized form and is a relatively nega- 
tive redox system Its effect on respiration has not been re- 
ported Bacterium, molaceus contains a pigment, violacem, which 
mcreases respiration of bactena freed of their pigment Smce 
the reduced form is not autoxidizable, it must function as a hydro- 
gen earner accordmg to Friedheim (1932) Chlororaphm, the 
green pigment of Bad chlororaphts forms a reversible system 
shanng many charactensties with pyocyamne (Elema, 1933) 
Toxoflavm found m Bad hongLrek (van Veen and Mertens, 1934) 
IS the prosthetic group of a toxic yellow pigment and is a reversible 
system, electroaetive between pH 4 to 8 (Stem, 1935) Phoem- 
cem found m Pemcilhum phoemceum, is a reversible redox system 
The reduced form is autoxidizable The fungus contains no 
cytochrome and its respiration may be iron-free Phoemcem 
mcreases the respiration of Ps aeruginosa several tunes (Fned- 
heim, 1933) In addition, secondary oxidations by H 2 O 2 with 
peroxidases and simple iron systems mvolvmg direct attack on 
he substrate may occur These would be part of the secondary 
respiration but eyamde-sensitive, smce peroxidases have been 
contam iron Fmally, as part of secondary respiration 
ere may occur a direct oxidation of unsaturated linkages espe- 
cially in the fatty acids by hemm (Kuhn and Brann, 1927) or 
metal salts (Rosenthal and Voegtlm, 1933) 

Raas (1934) has given us evidence m the case of yeast, regardmg 
e relative mtensities of the prmcipal and secondary respirations 
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Using a spectroscopic method, Haas demonstrated that in the 
mtact cells practically all of the oxygen consumption is due to 
the activity of the cytochrome system 
Roman (1938) hsts under “Nebenatmung” 

A Dehydrogenations 

(1) Oxytropic dehydrogenation (Schardinger reaction) 

(2) Flavoprotein 

(3) Oxyhydrogenases and oxidases oxidative deamination 

of ammo acids, protamines, tyrosine and uric acid 

(4) Quinone catalyses by autoxidizable chromogens 

(5) Secondary oxidations by H 2 O 2 

(a) Direct on the substrate 

(b) By peroxidases and thermostable iron systems 

(pseudo-peroxidases) 

B Non-dehydrogenation (peroxide) oxidation as with unsaturated 
fatty acids, perhaps further httle-known mechamsms, le, 
6)-oxidation and rmg sphttmg (prohne) 


Studies on cellular metabohsm have confirmed the view, origi- 
nally proposed by Wieland and concihated with the view of 
Warburg, especially by Kluyver, that the essential principle of 
cellular metabohsm involves the transference of hydrogen from 
donator to acceptor A series of graduated redox systems pro- 
vides the mechamsm of transfer and results m a smooth and 
regulated flow of energy for the use of the cell in assimilation 
Under anaerobiosis, the ultimate transfer is hmited to reducible 
intermediate products of dissimilation, under aerobiosis, oxygen 
is the flnal acceptor Here the systems of Warburg and Ke n 
are active Hydrogen, activated by suitable dehydrogenases an 
transported by carrier systems, is accepted by the inert oxygen 
only after activation of the oxygen molecule This is 
phshed by alternative reduction of the Fe+++ m the pros e ic 
group of hemm compounds by the hydrogen, and 0 x 1 ^ 
the Fe++ by the oxygen from the air This path must cons 1 u ; 
m the main, that of the principal respiration, m addition a ce 
uptake of oxygen occurs in the absence of the hemin 
Our knowledge of bacterial respmation is too j„ 

struct the respiratory systems with any degree 0 ass 
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the light of our present knowledge, it appears that the principles 
and the basic mechanisms underlying bacterial dissimilation are 
substantially those found in the higher, differentiated forms of 
life but providing for greater adaptation and variation 
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